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 Abstract  
A number of recent researches have emphasised the possibilities of Mg alloys as a 
new class of degradable biomaterials for orthopaedic applications. The major 
drawback for many Mg alloys to be used as an implant material is that they do not 
undergo a controlled corrosion in physiological environment and maintain the 
mechanical integrity over a given length of time. Therefore, it is extremely important 
to develop novel Mg alloys with a combination of good mechanical properties, slow 
corrosion rate, uniform corrosion mode and acceptable biocompatibility. Mg-RE (RE = 
rare earth) alloys have a good combination of mechanical and corrosion properties 
and a wide investigation has been performed on RE-containing Mg  alloys for medical 
applications, such as Mg-4Y-3RE (WE43) alloy [1, 2]. However, the previously 
developed Mg-RE alloys are for structure applications and they are not completely 
suitable for medical applications. To develop new Mg-RE alloys for medical 
applications, Dy and Gd are used as the main alloying elements in this work,  as they 
are the best tolerated RE based on in vitro study [3].  
 
Binary Mg-xDy (x=5, 10, 15, 20 wt.%) alloys and Mg-10wt.% RE-0.2Zr (RE=Dy+Gd) 
alloys are prepared by permanent mould direct chill casting method. Solution 
treatment and ageing treatment are carried out to optimize their microstructure and 
properties. Microstructure is investigated using X-ray diffraction (XRD), optical 
microscope (OM), scanning electron microscope (SEM) and transmission electron 
microscope (TEM); mechanical properties are tested in tension and compression; 
bio-corrosion behaviour is studied using weight loss method in cell culture medium; 
corrosion layer is examined carefully using OM, SEM, XRD and X-ray induced 
photoelectron spectroscopy (XPS), and its cytotoxicity is evaluated primarily using 
cell adhesion (SEM observation) and live/dead staining methods (fluorescence 
microscopy).  
 
For binary Mg-Dy alloys, the results show that the microstructure is inhomogeneous 
and the grain size is coarse. The yield strength increases while the ductility 
decreases with the increased Dy content. Mg-10Dy alloy has the best combination of 
yield strength and ductility. However, its mechanical properties require further 
improvement. Mg-10Dy alloy shows low corrosion rate and uniform corrosion 
morphology after immersion in cell culture medium. The enrichment of Dy was 
    
detected in the corrosion layer but it induced no cytotoxicity for osteoblasts. 
Therefore, Mg-10Dy alloy is considered to be the best candidate for further alloy 
development.  
 
To further improve the mechanical properties of Mg-10Dy alloy and maintain the good 
corrosion properties, Mg-10wt.% RE-0.2Zr (RE=Dy+Gd) alloys are developed. The 
results show that corrosion morphology of all Mg-10wt.% RE-0.2Zr alloys is uniform. 
Their corrosion rate is similar (around 0.5 mm/y) in T4 and T6 condition, which is a 
little bit lower than that of Mg-10Dy alloy. The mechanical properties can be tailored. 
The tensile yield strength (TYS) can be varied between 99.8 and 211.6 MPa, and the 
compressive yield strength (CYS) can be varied between 96 and 241.2 MPa. The 
highest ultimate tensile strength (UTS) achieved is 353.9 MPa and the highest 
ultimate compressive strength (UCS) reaches to 423 MPa. The elongation to fraction 
is at a minimum value of around 7.8%, while it reaches to a maximum value at 24.1%. 
No cytotoxicity is observed from the primary test on osteoblasts.  
 
For different applications depending on the mechanical properties needed, different 
alloy compositions and heat treatment technique can be selected. For an example, 
cardiovascular stents need very good ductility but high mechanical properties are not 
important. Thus, the Mg-10Dy-0.2Zr alloy, with a TYS of 104.6 MPa and elongation of 
24.1% in T4 condition, can be used. Load bearing bone plates and screws need very 
high mechanical properties but need not have a very good ductility. Thus, the Mg-
5Dy-5Gd-0.2Zr alloy, with the TYS of 188.3 MPa and elongation of 11.8% in T6 
condition, can be used.   
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1 Introduction 
There are four major types of materials used as load-bearing biomaterials: metals, 
ceramics, polymers and their composites [4]. Metallic materials continue to play an 
essential role as biomaterials in assisting with the repair or replacement of diseased 
or damaged bone tissue [5]. Metals are more suitable for load-bearing applications 
than ceramics or polymers due to the combination of high mechanical strength and 
fracture toughness. Thus, metals including stainless steels (316L), titanium alloys 
(Ti6Al4V) and cobalt-chromium-based alloys have found wide applications as 
biomaterials [6]. Current metallic biomaterials are essentially neutral in vivo, and 
remain as permanent fixtures. In case of plates, screws and pins used to secure 
serious fractures, the implants need to be removed by a second surgery after the 
tissue has healed sufficiently. Repeat surgery not only increases cost to the health 
care system, but also further morbidity to the patient [6]. Another limitation of current 
metallic biomaterials is the release of toxic metallic ions and/or particles through 
corrosion or wear processes, which is considered potentially harmful to the tissues of 
the human body [7-12].  
 
An alternative to the above-mentioned materials is biocompatible and resorbable 
implants. Polymers were the first materials to be used in such materials commercially. 
However, polymers are limited by their low mechanical properties, which restricts 
their applications in load-bearing and tissue supporting applications, as the size of 
implant with sufficient mechanical properties may not satisfy the space requirement 
[6]. Recently, biodegradable metals have become one of the most revolutionary 
research topics in biomaterials field. Promising biodegradable metals are Mg-based 
and Fe-based metallic alloys [13]. Mg and its alloys are widely used as structure 
materials in lightweight applications in the transportation industry, due to their low 
weight, high specific strength and good machinability. These advantages and 
biodegradability of Mg based alloys have attracted wide interest as degradable 
biomaterials.  
 
Mg and its alloys have a comparable Young’s modulus and a favourable 
compression and tensile strength in relation to the cortical bone compared with Ti 
alloys and stainless steels [14]. No secondary surgery would be necessary as Mg 
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implant will be resorbable and disposed by the body [6]. Thus, the strain for the 
patient as well as the treatment expenses could be reduced significantly. Additionally, 
the adult human body contains about 30 g of Mg, most of which exists in muscle and 
bone. The homeostasis of Mg in human body can be maintained by the kidneys and 
intestine [6].   
 
Mg and its alloys have been investigated as degradable implants since the end of the 
19th century [15]. Most of the investigations found that Mg degraded too quickly to be 
used as implant [15]. With the improvement of casting technology of Mg in recent 
years, the corrosion rate of Mg and its alloys is largely reduced. Recent investigations 
with the Mg alloys Mg-3Al-1Zn (AZ31), Mg-9Al-1Zn (AZ91), WE43 and Mg-4Li-4Al-
2RE (LAE442) showed all these alloys have a good biocompatibility in vivo. LAE442 
alloy showed the least gas generation, followed by WE43 [1]. In addition to animal 
studies, the resorbable Mg-based stents (made of WE43 alloy) have been 
investigated in clinical cases. The clinical trials indicate it is necessary to modify the 
stent characteristics to prolong degradation time [16]. These alloys were intended for 
structure applications and not as medical implants. Some of the alloying elements 
contained in them are potentially harmful to human body such as Al. Therefore, the 
development of novel Mg alloys for medical applications is essential.  
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2 Literature review  
2.1 Advantages of Mg and its alloys as implants 
The commercial available metallic implants (titanium, CoCr, and stainless steel) for 
temporary use have disadvantages such as requirement of secondary surgery and 
release of toxic metal ions. In comparison, Mg and its alloys are more suited as a 
temporary biomaterial as they are biodegradable, biocompatible and have close 
mechanical properties to bone [6].  
2.1.1 Degradable 
Mg and its alloys are generally known to degrade in aqueous environments via an 
electro chemical reaction (corrosion), producing Mg hydroxide and hydrogen gas. 
The overall reaction of Mg in aqueous environments is: 
Mg + 2H2O   Mg(OH)2 + H2                         Equation 1 
In an environment enriched with chloride ions, Mg hydroxide converts into highly 
soluble Mg chloride [14]. Thus, Mg can degrade in the human body where chloride 
ions are abundant. Fig. 1 shows the remains of Mg alloys in bones of guinea pig after 
18 weeks. The different degradation for different alloys can be seen clearly. The AZ91 
alloy showed almost complete degradation while LAE442 alloy only showed minimal 
degradation. 
 
 
Fig. 1: Three-dimensional reconstruction of remaining Mg alloy (red) segmented from the bone matrix 
(gray) by voxel growing method. (a) AZ91D, (b) LAE442; Bar =1.5 mm [2].  
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In general, an ideal biodegradable implant should be able to compromise its 
mechanical integrity during implantation with the recovering of tissues. The ideal 
compromise between mechanical integrity and degradation of a biodegradable stent 
is illustrated in Fig. 2. The degradation begins at a very slow rate to maintain optimal 
mechanical integrity of the stent during the arterial vessel remodelling process. The 
implant degrades with time and its strength diminishes gradually, while the tissue is 
regenerated or recovered. A period of 6–12 months is expected for the remodelling 
process to be completed. While the mechanical integrity decreases, the degradation 
progresses at a sufficient rate without causing an intolerable accumulation of 
degradation product around the implantation site. A total period of 12–24 months after 
implantation is considered to be a reasonable time for the complete degradation of 
the implant.  
 
Fig. 2: Illustration of an ideal compromise between mechanical integrity and degradation of a 
biodegradable stent [13].  
2.1.2 Good biocompatibility 
Mg is abundant in the human body and an adult body contains about 30 g Mg, which 
exists mainly in muscles and bones [17]. The U.S. Food and Nutrition Board has 
recently re-established the recommended dietary allowance of Mg for adult males to 
be 420 mg/day and for adult females to be 320 mg/day, respectively [4]. Dietary Mg 
deficiency has been shown to be a factor for osteoporosis [18]. Mg is a co-factor in 
many enzymes, and it can stabilize the structures of DNA and RNA [19]. Therefore, 
the Mg corrosion product is likely to be physiologically beneficial rather than harmful. 
The level of Mg in the extracellular fluid ranges from 0.7 to 1.05 mmol/l, where 
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homeostasis is maintained by the kidneys and intestine [6]. Serum Mg levels 
exceeding 1.05 mmol/l can lead to muscular paralysis, hypotension and respiratory 
distress [17]. Cardiac arrest occurs for severely high serum levels of 6–7 mmol/l, but 
the incidence of hyper-Mg is rare due to the efficient excretion of the element in the 
urine [17, 20]. Due to its functional roles in the bone tissue, Mg has stimulatory 
effects on the growth of new bone tissue [21-24]. Witte et al. [1] studied the bone 
response to Mg alloys compared with a degradable polymer (PLA96). The results 
indicated that the bone mass surrounding the Mg rods was enhanced compared with 
the polymer control group, Fig. 3.  
 
Fig. 3: Fluoroscopic images of cross-sections of a degradable polymer (a) and a Mg rod (b) performed 
10mm below the trochanter major in a guinea pig femur. Both specimens were harvested 18 weeks 
postoperatively. In vivo staining of newly formed bone was done by calcein green. Bar=1.5mm; 
I=implant residual; P=periosteal bone formation; E = endosteal bone formation [1].  
 
2.1.3 Young’s modulus and mechanical properties 
The Young’s modulus of current metallic biomaterials is not well matched with that of 
the natural bone tissue. This can result in stress shielding effects and reduce 
stimulation of new bone growth and remodelling, which decreases implant stability 
[25]. The specific density of Mg and its alloys is approximately 1.7-2.0 g/cm3, which is 
very similar to that of human cortical bone (1.75 g/cm3) [4]. The Young’s modulus of 
Mg alloy is about 40–45 GPa, which is much close to that of human bone (5–23 GPa) 
compared with other metallic materials [14]. Thus the Mg alloys implants may 
minimize stress-shielding. The compressive yield strength of Mg is also close to that 
of natural bone compared with the other commonly used metallic implants [6].  
6   2 Literature review 
 
Table 1 summarizes the mechanical properties of experimental Mg alloys, traditional 
biomaterials and some human tissues. Mg alloys have much closer Young’s modulus 
to the cortical bone than the traditional Ti6Al4V alloy, better ductility than the 
synthetic HA, and higher strength than DL-PLA. The tensile strength and elongation 
of Mg alloys varies and may be turned to suit for different medical applications. 
 
Table 1: Mechanical properties of different normal tissues and implant materials [14]. The range of 
values depends on composition, heat treatment and processing conditions.  
Tissue/material Compression 
strength 
(MPa) 
Tensile 
strength 
(MPa) 
E-mod. 
Tensile 
(GPa) 
Density 
(g/cm
3
) 
Yield 
strength 
(MPa) 
Elongation to 
fracture (%) 
Cortical bone 164-240 35-283 5-23 1.8-2.0 --- 1.07-2.1 
Cancellous bone --- 1.5-38 0.01-1.6 1.0-1.4 --- --- 
Arterial wall --- 0.5-1.72 1 --- --- --- 
Titanium TiAl6V4) --- 830-1172 114 4.43 760-1103 10-15 
Stainless steel --- 480-620 193 8 170-310 30-40 
Synthetic HA 100-900 40-200 70-120 3.05-3.15 --- --- 
Bioactive glasses --- 40-60 35 --- --- --- 
DL-PLA --- 29-35 1.9-2.4 --- --- 5-6 
Mg alloys 90-350 140-460 40-45 1.7-1.9 40-430 2-25 
 
2.2 Historical use of Mg as biomaterials and problems 
Biodegradable Mg implants have a very long history, starting shortly after the 
discovery of Mg element in 1808. In 1878, a Mg wire ligature was successfully used 
to stop bleeding vessels in three occasions: once in a radial artery and twice in the 
operation for varicocele [15]. In 1900, Payr investigated tubular and thin-walled Mg 
cylinders as connectors for vessel anastomosis, using pig and dog animal models to 
study Mg vessel connectors [15]. Payr stated that only the intra-vascularly placed Mg 
tubes exhibited thrombotic blood clotting at the end of the tubes, which, however, 
never closed the remaining lumen; no thrombosis was observed with extra-vascularly 
placed Mg tubes [15]. Payr also successfully treated an extensive haemangioma 
cavernosum at the chin of a 14 year old girl with Mg arrows [15].  
 
In 1906, Lambotte used Mg implants in a 17 year old child who had suffered from a 
complicated pseudarthrosis with severe malalignment of the distal third of the lower 
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leg due to a 2 month old fracture of the lower leg [15]. He used an iron wire cerclage 
at the fibula and a Mg plate with six steel screws at the tibia to stabilize the fracture. 
The implant failed due to the electrochemical reaction between the Mg plate and the 
steel screws. After some animal experiments, Mg alloy was used to treat 
supracondylar fractures of children, as these fractures heal quickly. Lambotte and 
Verbrugge operated on 4 children (7–10 year old) in total with supracondylar 
humerus fractures, and all healed without complications (except the gas cavities). 
Good to total restoration of the joint function was observed and with no pain in the 
operated area. The gas cavities disappeared after several weeks and were not a 
major concern in clinical cases. Lambotte also used a Mg plate and screw fixation to 
treat humerus fracture for a child. Three weeks after the operation the metal plate 
had dissolved almost completely and the fracture line was no longer visible [15].  
 
In 1944, 34 cases where Mg-Cd alloy was fashioned into plates and screws and used 
to secure various fractures has been reported [6]. Of the 34 cases, 9 were 
unsuccessful. These failures were attributed to infection, or difficulties arising with the 
mounting of a plaster cast, which presumably did not allow for treatment of gas cysts. 
In all patients, no increase in serum levels of Mg and distinct inflammatory reactions 
to the implant was observed. The material is reported to have stimulated the 
development of a hard callous at the fracture site. Hydrogen gas was given off during 
degradation of the implant while was easily treated by drawing off the gas with a 
subcutaneous needle. While the sizes of the implants used were not given, it was 
reported that the mechanical integrity of most implants were maintained for 6–8 
weeks, with complete resorption occurring in 10–12 months. It was also reported that 
some implants only survived 3–5 weeks, and was attributed to increased acidity in 
the fracture environment. Similar results were reported by Znamenski in 1945, where 
Mg alloy containing 10 wt.% aluminum was used to treat gunshot wounds in two 
young men [6]. In both cases, fractures fused in 6 weeks, with the Mg plate no longer 
detectable after 6 weeks, and the pins no longer detected after 4 weeks [6].  
 
These early examples show that Mg-based materials are non-toxic and may actually 
stimulate bone tissue healing. However, the degradation rate of pure Mg or simple 
alloys is too rapid to allow sufficient time for healing. It is desirable to have the 
implanted fixture to have mechanical integrity for at least 12 weeks [6]. In spite of 
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some early successes with Mg-based implants, it is likely that Mg was abandoned 
due to the fast degradation rate and production of gas during the in vivo corrosion 
when the stainless steels became available [6].  
2.3 Corrosion of Mg and its alloys 
2.3.1 Techniques to measure corrosion rate 
Generally, three methods are often used to measure the corrosion rate of Mg, which 
are electrochemical tests, weight loss and hydrogen evolution experiments. The 
corrosion rate of Mg evaluated from electrochemical test has pertained to conditions 
soon after specimen immersion and the corrosion rates measured are not steady 
state corrosion. Thus, to measure the corrosion rate in Mg alloys, the later two 
techniques are usually employed [26]. In the weight loss experiments, the 
degradation rates of the specimens are calculated using: 
48.76 10 g
A
CR
t
 

 
Δ
ρ
                                              Equation 2  
Where CR refers to the corrosion rate in mm/year, Δg is the weight change in the 
sample in g, ρ is density of the alloy in g·cm–3, A is the exposure area in cm2, and t 
represents the exposure time in h. Corrosion products are usually removed by 
immersion in chromic acid (200 g/l CrO3) for around 20 min, which react with the 
corrosion products, but does not damage the Mg substrate.  
 
A schematic illustration of the apparatus to measure the volume of hydrogen evolved   
during the experiments is illustrated in Fig. 4 [26]. The amount of dissolved Mg can 
be calculated from the volume of hydrogen generated from the reaction. This simple 
and inexpensive method has some limitations due to atmospheric pressure changes 
and possible hydrogen leakages from the experimental set-up [26].The stoichiometry 
of the redox equation which produces elemental hydrogen is not fully understood and 
thus the hydrogen gas volume can not be directly correlated to the production of Mg 
ions [27]. In addition to the methods mentioned above, microtomography (especially 
synchrotron-based microtomography) as a non-destructive method was introduced to 
obtain general corrosion rates by measuring the time-dependant change in the 
metallic volume of the remaining implant. This method was also applied to estimate 
corrosion rates from explanted samples [14].   
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Fig. 4: Schematic illustration of the procedure to measure the corrosion rate by measuring the volume 
of hydrogen evolved [26]. 
2.3.2 Influence of impurities on corrosion 
Corrosion of Mg is the extremely sensitive to impurities, such as Fe, Cu, and Ni. The 
amount of impurities depends on the alloy’s composition and processing techniques. 
The corrosion rate is low when the amount of impurities is below a tolerance limit, but 
it increases substantially when the amount of impurities are higher than the tolerance 
limit. For instance, when iron content is higher than the tolerance limit in commercial 
pure Mg, the corrosion rate increases dramatically as shown in Fig. 5 [28].  
 
 
Fig. 5: effect of iron content on the corrosion rate of commercially pure Mg subjected to immersion in 
3 % NaCl [28]. 
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There are two hypotheses for the change in corrosion rate beyond tolerance limits of 
Fe, Ni, Cu and Co: (i) phase precipitation and (ii) surface deposition  [29]. The phase 
precipitation hypothesis is that, above the tolerance limit, a second phase (rich in Fe, 
Ni, Cu or Co) is precipitated inside the Mg alloy and then this phase supports the 
cathodic reaction (hydrogen evolution) much more effectively than α-Mg does. The 
surface deposition hypothesis believe that there is deposition of metallic Fe, Ni, Cu or 
Co, by means of a reaction such as Mg + Fe2+ = Fe +Mg2+, on the Mg alloy surface. 
And there is a sufficient concentration of ions of Fe2+, Ni2+, Cu2+ or Co2+ in the 
solution next to the surface of the Mg alloy because of the dissolution of impurity in 
the Mg. This surface deposition hypothesis is thus based on the ideas that (i) the 
probability of depositing surface metallic-impurity cathodes increases with impurity 
content and (ii) these surface metallic-impurity cathodes dominate the corrosion 
behaviour above a critical surface density. Both the phase precipitation and surface 
deposition hypotheses assume that effective hydrogen cathodes are produced above 
the tolerance limit and both assume that these cathodes have a composition rich in 
the impurity element. The essential difference is that the phase precipitation 
hypothesis relates to the precipitation of a second phase inside the Mg alloy whereas 
the surface deposition hypothesis relates to the deposition of cathodes on the Mg 
alloy surface. To date there has been no successful resolution regarding which 
hypothesis is more reasonable [29].  
 
For biomedical applications, the amount of impurities has to be strictly controlled. 
Although for some elements, such as Fe, the impurity concentrations are lower than 
the physiological range in the body, a small amount of Fe can increase the corrosion 
rate dramatically. Elements such as Be should be avoided, which is highly toxic [14]. 
In general, the amount of impurities should be kept minimal to retain a low corrosion 
rate and good biocompatibility of Mg alloys.  
2.3.3 Influence of second phases on corrosion  
The standard corrosion potential of Mg is very low (-2.37 V). Mg is more active than 
all the engineering alloys, and consequently corrodes preferentially in any galvanic 
couple. Thus controlling galvanic corrosion is very important and attention needs to 
be paid to reducing galvanic corrosion in any application using Mg alloys [30]. 
Second phases have a pronounced effect on the corrosion of Mg alloys as the 
second phases can form a galvanic corrosion couple with Mg matrix. Fig. 6 
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schematically illustrates the galvanic corrosion in Mg-Al alloys between the Mg17Al12 
β-phase and the matrix α-phase. The matrix α phase is typically anodic to the β 
phase and is preferentially corroded. The β phases are undermined due to the 
dissolution of α-Mg matrix. Both the primary and eutectic α can form a galvanic 
corrosion cell with the β phase, accelerating the corrosion rate. For example, AZ91 
alloy has an appreciable amount of β phase (Mg17Al12) along the dendritic grain 
boundaries, which acts as cathodic site with respect to the matrix. One opinion is that 
Mg17Al12 is inert in chloride solutions compared with the surrounding Mg matrix and 
acts as a corrosion barrier if these Mg17Al12 phases form a continuous network [30]. 
However there was also a view that formation of Mg17Al12 is detrimental for the 
corrosion of Mg. The absence of the Mg17Al12 could enhance the corrosion resistance 
of the Al-rich Mg base alloys by eliminating the micro-galvanic effects. The Mg–Al 
based alloys were reported to corrode predominantly by galvanic reaction between 
the Mg matrix and Mg17Al12 phase [30]. The AZ91 Mg alloy has a large tendency 
towards pitting corrosion when exposed to simulated body fluid (SBF) and 0.9 wt.% 
NaCl solution. The formation of a micro-galvanic couple between the Mg matrix and 
Mg17Al12 phase leads to selective corrosion at the boundaries between the Mg17Al12 
phase and Mg matrix [30].  
 
 
Fig. 6: Schematic representation of the galvanic corrosion for Mg-Al alloys between the Mg17Al12 β-
phase and the matrix α-phase [30].  
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2.3.4 Influence of electrolyte and environment on corrosion 
The choice of electrolyte has significant influence on the corrosion rate and corrosion 
mechanism of Mg. As listed in Table 2, various simulated physiological fluids such as 
0.9 wt.% NaCl solution, simulated body fluid (SBF), phosphate buffer solution (PBS), 
and Dulbecco’s modified eagle medium (DMEM) are commonly used [31-34]. Under 
the same conditions, the degradation rate of AZ91 alloy in different solutions varies 
significantly. The average degradation rate in SBF can be one order of magnitude 
higher than that in Hanks’ solution [33]. This large difference stems mainly from the 
different compositions of the solutions.  
 
Table 2: Compositions of commonly used in vitro electrolyte [35]. 
 0.9% NaCl PBS Hanks’ SBF DMEM 
Na+ (mmol/L) 153 157 142 142 127.3 
K+ (mmol/L)  4.1 5.9 5.0 5.3 
Ca2+ (mmol/L)  --- 1.3 2.5 1.8 
Mg2+ (mmol/L)  --- 0.8 1.5 0.8 
HCO3
- (mmol/L)  --- 4.2 4.2 44.1 
Cl- (mmol/L) 153 140 145 147 90.8 
HPO4
2- (mmol/L)  11.5 0.8 1 0.9 
SO4
2- (mmol/L)  --- 0.8 0.5 0.8 
Tris (g/L)  --- --- 6.07 --- 
Protein (g/L)  --- --- --- --- 
Amino acids (g/L)  --- --- --- 1.6 
Glucose (mmol/L)  --- 1 --- 4.5 
Hepes (g/L)  --- --- --- 5.96 
 
The physiological environment contains various aggressive components that can 
attack Mg alloys. Table 3 and Table 4 list the main inorganic and organic contents in 
the body plasma. The highest content is Cl¯, which aggressively attacks the implants. 
The hydrocarbonates are the most important buffers in body fluid. Xin et al. [36] 
studied the effects of these aggressive inorganic ions on the degradation behaviour 
of AZ91 alloy. The high concentration of chloride ions can transform the Mg(OH)2 into 
more soluble MgCl2. The breakdown of Mg(OH)2 decreases the protection against 
corrosion, consequently promoting further dissolution of the substrate. Song and 
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Atrens [26] also suspect that chloride ions are involved in the intermediate step of Mg 
dissolution by accelerating the electrochemical reaction from Mg to Mg univalent ions.  
 
Although the concentration of HPO4
2– is quite low in the physiological environment, it 
effectively slows down the dissolution of Mg by forming compact and insoluble 
phosphate layer [36]. Unlike Mg(OH)2, these phosphate layer can not be destroyed 
by chloride ions. The concentration of HCO3
¯ is much higher than that of HPO4
2–, and 
consumption of OH¯ by HCO3
¯ can drastically increase the degradation rate of Mg. A 
high concentration of HCO3
¯ induces fast passivation on the surface due to quick 
formation of insoluble carbonates. A high concentration of HCO3
¯ at the corrosion 
sites contributes to the formation of insoluble carbonates, and consequently corrosion 
at these sites is suppressed. Passivation can effectively retard the pitting corrosion in 
AZ91. SO4
2– also attacks Mg, but it is not as severe as the chloride ions.  
 
Table 3 Inorganic concentrations in body plasma (mmol/l) [35]. 
Inorganic ions Na
+
 K
+
 Mg
2+
 Ca
2+
 HCO3
-
 Cl
-
 HPO4
3-
 SO4
2-
 
Concentration  142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5 
 
Table 4 Concentrations of the main organic components in body plasma [35]. 
Organic components  Protein Amino acids Glucose  
Concentration 63-80 g/l Unknown 3.6-5.2 m mol/l 
 
In addition to the inorganic ions, the organic components also play important role in 
determining the corrosion behaviour of Mg alloys. A number of studies investigated 
the corrosion of Mg alloys with different corrosion media with and without proteins [31, 
37-40]. The compositions of the corrosive medium influenced the Mg corrosion 
behaviour, which is altered by the presence or absence of proteins. Proteins such as 
albumin are demonstrated to form a layer on the Mg alloys in in vitro experiments, 
which retard the corrosion [31, 38, 40]. Fig. 7 shows the hydrogen evolution volumes 
of Mg1.5Ca alloy as a function of immersion time in 0.9 wt.% NaCl solutions with 
different amount of proteins [41]. It is obvious that the corrosion rate is dramatically 
reduced with 1 g/l protein addition, which is slightly further reduced when the addition 
of protein increases to 10 g/l.  
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Fig. 7: Hydrogen evolution volumes of Mg-1.5Ca alloy as a function of immersion time in different 
electrolytes [41]. 
 
In measuring the degradation rate, it is important to consider the ratio of electrolyte 
volume to sample surface area, as this ratio may dramatically change the pH value in 
the vicinity of the samples. The degradation rate of a Mg-Zn-Mn alloy with a 6.7 
(ml/cm) volume to surface ratio is 2 times higher than that of a sample with a ratio 
0.67. However, there is no obvious variation when this ratio increases from 6.7 to 67 
[32]. It is well known that the constant mass transportation process and continuous 
exchange of body fluids take place in the physiological environment. In order to 
mimic the circulation process in the human body, it is essential to design in vitro tests 
incorporating circulation and refreshment of electrolytes. Such a pseudo-
physiological system was developed and has been used to evaluate the degradation 
of biomedical Mg alloys [42]. 
 
At present, it is difficult to compare the degradation rates of Mg alloys reported from 
different publications. One of the main reasons is the use of different electrolytes and 
different surface area/electrolyte volume ratios. It is important to standardize the test 
for more accurate and reliable evaluation of degradation rates, and also make it 
possible to compare the data from different sources [31, 35]. 
2.3.5 Corrosion products  
Corrosion of Mg-based implants produces four reactants: a large amount of OH¯; a 
corrosion layer on the implant; dissolved Mg ions and other alloying elements; and 
hydrogen gas. Due to the strong buffering ability in the biological environment, a 
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large amount of OH¯ can be consumed and pH would not change abruptly. In general 
the release of OH¯ is not a problem [35]. 
 
Viscosity, tissue components and structures like lipids, proteins and 
glycosaminoglycans influence the hydrogen diffusion coefficient in the body [43]. The 
diffusion coefficient of hydrogen increases exponentially with the increase in water 
fraction of tissues [44]. Thus, the local blood flow and the water content of the tissues 
surrounding the implant are the most important parameters in controlling the removal 
of H2 from the implant site. They should be considered in designing biodegradable 
Mg alloys with an appropriate corrosion rate. Consequently, local hydrogen cavities 
would occur, if more hydrogen is produced than can be dissolved in the surrounding 
tissue. This means that Mg alloys have to have an appropriate corrosion rate in vivo 
in case of the formation of hydrogen cavities [14].  
 
The dissolved Mg goes into either the body fluids or corrosion layer on the sample. In 
vivo study shows that the corrosion layer is composed of C, O, P, Mg, Ca and the 
alloying elements used [45, 46]. For in vitro investigations, the constituents in this 
corrosion layer vary with the solution type, corrosion environment as well as the alloy 
composition. In 0.9 wt.% NaCl solution, Mg(OH)2 and MgO are the main constituents 
in the surface layer [26]. In solutions such as SBF, DMEM and Hanks’ solution with 
HCO3
-  and HPO4
3- ions, the insoluble phosphates and carbonates are usually 
present in the corrosion layer in addition to MgO and/or Mg(OH)2 [32, 38, 47]. Due to 
the amorphous nature of these components, it is difficult to identify the exact nature 
of the corrosion layer [26, 47, 48]. However, some investigations have shown 
crystalline phosphates and carbonates in corrosion layer [32, 38, 48]. In PBS solution, 
the main corrosion products are Mg phosphates and Mg(OH)2. The insoluble 
carbonates found on samples are possibly formed by reacting with the dissolved CO2. 
Alloying elements may also be incorporated into the corrosion products [33, 49]. 
Aluminium oxide and hydroxide were identified the corrosion layer of AZ91 samples 
after exposure in m-SBF [47]. Furthermore, carbonates are one of the main 
components in the corrosion products, when the corrosion test is carried out under 
cell culture condition with 5 % CO2 [38]. In vitro investigations in DMEM solution 
under cell culture conditions are close to in vivo conditions, but this still needs further 
improvement. 
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2.4 Evaluation of cytotoxicity 
Evaluation of the biocompatibility is generally performed in two ways, namely by 
direct contact and indirect evaluation using extracted test solution. In direct contact 
experiments, cells are seeded on the samples directly and the initial surface states 
play a critical role in the establishment of cell–surface bonding. One of the problems 
using this method is the changes in the materials surface at the early stage. Rapid 
dissolution accompanied with evolution of hydrogen bubbles leads to a very dynamic 
surface. This can dramatically hinder cell attachment creating major difficulty in 
carrying out cell culture experiments. Thus, the control of the surface reaction is 
important for initial cell reaction [50]. For spreading and long-term survival of cells, 
surface chemistry and morphology are key factors [35].  
 
The indirect immersion experiments are often performed. The samples are first 
exposed to a suitable solution for various durations and then the solution is extracted 
and used for cell cultures. The advised guide line for biomaterial testing is the 
European standard ISO 10993 [51]. Some limitations exist for the use of this 
standard for testing biodegradable or corroding biomaterials. One major obstacle is 
the preparation of extracts from Mg alloys. The extracted solution, regardless of 
which alloy is used, shows a high osmolarity and pH value and hence exposes the 
cells to an osmotic shock [52]. This result in the death of cells and classify all Mg 
alloys as cytotoxic by definition. For Mg research, it is reported that data produced by 
testing methods in vitro are not well correlated with in vivo data [2]. Therefore, a new 
in vitro test standard needs to be established for testing Mg alloys.  
 
To investigate the cytotoxicity of biomedical Mg alloys, although tetrazolium salt-
based assays, such as MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
72 bromide) and XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-73 
((phenylamino)carbonyl)-2H-tetrazolium hydroxide) assays, can be used, it has to be 
done with caution. The dissolved Mg in the extracted media can convert the 
tetrazolium salts to formazan, leading to a higher background thus falsifying the 
results of cell viability [53]. Another test, i.e. the BrdU (Bromodeoxyuridine) assay, is 
found to be unaffected by Mg ions. This test is probably more appropriate for the 
evaluation on the cytotoxicity of Mg-based materials [53]. Current evaluations of 
cytotoxicity of Mg alloys are still very preliminary and more systematic evaluations 
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are needed from both scientific and technical standpoints.  
2.5 Roles of alloying elements  
Alloying elements play important role in developing Mg-based biomaterials. Alongside 
pure Mg, the alloying elements Al, Mn, Zn, Ca, Li, Zr, Y and RE are used in 
developing Mg implant materials [1, 2, 34, 46, 54-60]. These elements influence both 
the mechanical and physical properties of Mg. As long as the alloying elements 
remain in solid solution, they can be used for solid solution strengthening. 
Furthermore, most of these alloying elements can react with Mg or with each other to 
form intermetallic phases. These phases contribute to enhancement of the alloy 
strength by precipitation strengthening. Both solid solution strengthening and 
precipitation strengthening improve strength, but deteriorate the ductility. Almost 
every alloying element contributes to grain refinement to some extent, providing grain 
boundary strengthening. The grain size and its distribution are affected by the 
preparation process and by the alloying elements. Grain boundary strengthening 
improves both strength and ductility [14]. Compared to the matrix, a grain boundary is 
a distorted area with high imperfection and high internal energy, and corrosive attack 
in a pure material therefore normally begins at the grain boundary first [14].  
 
Segregation of the alloying elements towards the grain boundary occurs depending 
on their types and properties and the chosen solidification route. Due to the 
segregation, the composition in the center of the grain is different from those close to 
the grain boundary. This influences the corrosion behaviour. Normally the matrix 
close to the grain boundary is more cathodic compared to the center of the grain. 
Since the grain boundary is a weak area that promotes early corrosive attacks, 
coarse grains are preferred. However, segregations are minimized in small grained 
Mg alloys and the corrosion behaviour appears to be more homogeneous [14].  
 
The mechanical properties are usually the primary consideration when developing 
structure materials. In biomedical engineering, factors such as biocompatibility and 
the rate of degradation are crucial. Good biocompatibility is essential because the 
materials released from the implants to the body must not be toxic. This is especially 
important for degradable implants. The large amount of Mg and potentially harmful 
alloying elements released during degradation may lead to cytotoxicity, and the 
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degree of toxicity highly depends on the dissolution rate and alloying elements [35].  
2.5.1 Al  
As an alloying element, Al provides both the solid solution and precipitate 
strengthening. The increase of the content of Al lowers the temperature of liquidus 
and solidus lines and enhances the castability of Mg alloys [14].  
 
The typical concentration of Al in serum is 2.1–4.8 µg/L [61]. A high Al concentration 
is harmful to neurons and osteoblasts, and may result in dementia as well as 
Alzheimer’s disease [62]. It causes muscle fiber damage [63] and decreases viability 
of osteoblast [64]. Additionally, mild foreign body reactions were observed in an in 
vivo study on Mg-Al alloy implant [65]. Hence, the amount of Al in Mg alloys must be 
carefully controlled.  
2.5.2 Mn 
Mn does not affect the mechanical properties of Mg alloys significantly, but increases 
the yield strength slightly. The most important role of Mn lies in improving the 
corrosion resistance by converting iron and other metal elements into relatively 
harmless intermetallic compounds [4].  
 
Mn is an essential trace element in human body, which plays an important role in 
metabolic cycle of e.g. lipids, amino acids and carbohydrates [14]. It influences the 
immune system, bone growth, blood clotting, cellular energy regulation and 
neurotransmitter synthesis [14]. It is also the scavenger of free radicals in the 
manganese superoxide dismutase [14]. The concentration of Mn should be <0.8 µg/L 
in blood serum [14]. The high concentrations may induce neurotoxicity [14]. The 
poisonous effect of Mn from Mg alloys on cell viability and proliferation has been 
observed [66]. 
2.5.3 Zn 
Zn was found to be next to aluminium in strengthening effectiveness as an alloying 
element in Mg [67]. Adding Zn to Mg–Mn alloys improves both the tensile strength 
and the corrosion successfully [56, 68]. However, adding Zn with amount more than 2 
wt.% leads to an embrittlement in Mg-Al alloys [14].   
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Zn is a trace element in human body and its normal level in blood serum is 12.4-17.4 
µmol/l. It is essential for the immune system, and a co-factor for specific enzymes in 
bone and cartilage. However, high concentrations of Zn could result in neurotoxicity 
[14].   
2.5.4 Ca 
Calcium contributes to the solid solution and precipitate strengthening in Mg alloys. It 
also acts as a grain refining agent and contributes to grain boundary strengthening 
[69]. Larger amounts of Ca (>1 wt.%) can lead to hot tearing or sticking [14].   
 
Ca is the most abundant mineral in the human body (1–1.1 kg), which is mainly 
stored in bone and teeth. Its normal serum level reaches 0.919–0.993 mg/l. It is 
tightly regulated by homeostasis of skeletal, renal and intestinal mechanism [70].   
2.5.5 Li 
Lithium is the only element that is able to change the lattice structure of Mg from 
hexagonal close-packed (h.c.p.) to body-centered cubic (b.c.c.) [14]. It can be used to 
enhance ductility and formability of Mg alloys, but unfortunately it does not enhance 
the strength [14]. It has been claimed that Li can improve the corrosion resistance of 
a Mg-Li-Al-RE alloy. The reason is that Li shifts the pH value of the solution to a pH > 
11.5, which stabilizes the Mg(OH)2 film on the alloy surface. However, the in vivo 
alkalization is a hazard to the human body.  
 
The normal blood serum level of Li is only 2-4 ng/g [14]. Li is used in compound for 
the treatment of psychiatric disorders [14]. Overdosage could cause problems for 
kidney or lung dysfunctions and possible birth defects on children [14].  
2.5.6 Zr 
Zirconium is an effective grain refining agent in Al-free Mg alloys and can enhance 
the yield strength through Hall-Petch strengthening [14].  
 
Zr exhibits low ionic cytotoxicity in vitro [71], excellent biocompatibility in vivo [72], no 
evidence of mutagenicity or carcinogenicity, good resistance to corrosion, and an 
osteocompatibility equal to or exceeding that of Ti [73, 74].  
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2.5.7 RE 
RE are a set of seventeen elements in the periodic table, specifically the fifteen 
lanthanides plus scandium and yttrium [75]. In general, the RE can be divided into 
two groups: the first group RE, such as Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu, has 
large solid solubility in Mg; while the second group (Nd, La, Ce, Pr, Sm, Eu) presents 
only limited solid solubility in Mg [14].  They are added to Mg alloys generally through 
using master alloys or pure RE metal.  
 
RE elements are used to improve the mechanical and corrosion properties of Mg 
alloys. Some of the RE is kept in solid solution. Its addition provides both solution and 
precipitation strengthening. RE with limited solubility usually forms intermetallic 
phases at the dendritic and grain boundaries at the early stage of solidification. The 
existence of these RE-containing intermetallics can effectively pin the grain 
boundaries at elevated temperatures, and improve the high temperature creep 
resistance and increases the service temperature of Mg [14]. For example, yttrium 
has a high solid solubility in Mg. It is often incorporated into Mg alloys together with 
other RE elements to enhance the creep resistance at high temperatures. Y was also 
reported to benefit the corrosion resistance. Various RE-doped Mg alloys such as 
WE43, Mg–8Y, Mg–10Gd and LAE 442 are proposed as the implant materials [1, 34, 
60, 76].  
 
Recently, Feyerabend et al. [3] investigated the influence of RE on viability of human 
osteosarcoma cell line MG63, human umbilical cord perivascular cells and mouse 
macrophages, and the induction of apoptosis along with the expression of 
inflammatory factors (Table 5). The effects of the analyzed rare earth elements seem 
to be related to their ionic radii.  Except Eu, the other RE with low solid solubility 
included in the study (Nd, La, Ce) shows a higher influence on the cell reaction than 
those RE with high solid solubility. Among the RE with high solid solubility (Y, Gd and 
Dy), Y exhibits effects on viability of macrophages and an accompanying influence on 
the inflammatory reaction. The cellular reaction to Gd and Dy was comparably low, 
with a slight advantage for Dy.  
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Table 5: Summarized features of the tested rare earth elements. Positive influences (+), intermediate 
influences (o), negative influences (–) and significant effects (– –) on the applied test systems are 
indicated (n/a : no results for the apoptosis test). Elements with high solid solubility are highlighted in 
grey [3].  
 
Element Viability 
Inflammatory response 
Apoptosis 
TNF-α IL-1α 
La – – – – –  + 
Ce – – + + o 
Gd + o o – 
Nd o – + o 
Pr o – + o 
Eu + + + o 
Dy + + o n/a 
Y + – – n/a 
 
The light RE, La, Ce and Pr, are known to be hepatotoxic as they cause fatty liver [77, 
78]. Pr is the most toxic element leading to animal death in comparable 
concentrations used for Ce, probably due to the low clearing rate [77]. All these 
elements were shown to induce chromosome aberrations in in vivo mouse studies 
[79]. The in vitro study of Palmer [80], where pulmonary macrophages were exposed 
to La, Ce and Nd, showed similar results: Ce was highly cytotoxic (half lethal dose 
(LD50): 29 µM), followed by La (LD50: 52µM), whereas Nd showed only a slight 
reduction of viability. Eu was well tolerated in all analyzed cells and its LD50 
measured in rats in vivo was reached at 550 mg/kg [81]. Eu is used as a fluorescent 
marker designed for the cellular uptake and was tested in different cell types for this 
purpose without inducing major alterations [82-84].  
 
In a study on intraperitoneal administration of GdCl3, the LD50 for rats was 550 
mg/kg. The oral administration did not result in acute toxicity, however, the liver of 
male rats was affected [85]. GdNO3 induces acute toxicity at a concentration of 300 
mg/kg in mice and 230 mg/kg in rats [86, 87]. The toxicity can be drastically reduced 
by addition of chelating agents such as Ethylene Diamine Tetraacetic Acid (EDTA). 
Therefore Gd chelates as contrast agent for magnetic resonance imaging (MRI) were 
introduced in the 1980s. In the human body, chelated rare earths are rapidly excreted 
via urine, while unchelated ionic rare earths easily form colloid in blood. The colloid 
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material is taken up by phagocytic cells of the liver and spleen.  
 
RE elements also accumulate in the bones, but it is not clear what cells of the bone 
take up the most rare earths. The clearance of the bone is known to be very slow, but 
the general potential toxicity is described to be low [88]. Excess yttrium can change 
the gene expression of rats and impose adverse effects on DNA transcription factors 
[77, 89]. Dysprosium was tolerated best in the cytotoxicity tests in vitro [3]. LD50 in 
mice for DyCl3 was determined to be 585 mg/kg [90]. Dy exhibits antimicrobial effects 
at a concentration of 300 µM [91]. Similar to Gd, Dy is also used as contrast medium 
for MRI [92]. The effects of Dy and Y in vivo are similar [77]. With increasing doses 
the distribution of the elements in spleen and lungs increases, while the 
concentration in kidneys and blood decreases. Toxicity due to Dy in the liver was not 
observed [77]. 
2.6 Design principles of Mg alloys for medical application  
Biomaterials are an interdisciplinary field that deals with the interactions between 
material and biological tissues. Strength is not the only property that has to be 
considered. Ductility, corrosion behaviour under service conditions and 
biocompatibility also form an important part of the property profile, which is influenced 
by alloy composition and processing routs.   
2.6.1 Mechanical properties 
The strength of biodegradable implants reduces as a function of implant time due to 
the degradation. Thus, there is no benchmark for the strength of biodegradable 
implants since their strength is highly dependent on degradation rate after 
implantation.  Moreover, the requirements are different for different applications. For 
instance, high ductility is preferred for vascular stents, while it is not essential for 
bone screws and plates. Therefore, the priority is to control the degradation rate and 
tune the mechanical properties according to the implant. The strength of metallic 
materials is primarily governed by the resistance that they offer to the movement of 
dislocations. Solutes, precipitates, and grain boundaries act as obstacles and inhibit 
the movement of dislocations. All these factors depend on the alloying elements, 
processing route and the following heat treatment. Therefore, the high solubility of 
alloying elements is desired, which gives more flexibility for the design and following 
treatment.  
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2.6.2 Corrosion 
There are a number of factors that can affect corrosion behaviour of Mg alloys, such 
as alloying additions, microstructure, corrosion medium, corrosion environment, 
induced stresses, pH and porosity. Control of corrosion rate is one of the most 
important aspects in the design of biodegradable Mg alloys. It is very difficult to take 
all the factors into account in the beginning of the designing process. 
 
However, careful control of the composition and microstructure plays the key role in 
determining the corrosion behaviour. The in vivo degradation mechanisms of Mg are 
mainly galvanic corrosion, pitting corrosion, uniform corrosion or combination of these 
mechanisms [4]. Electrochemical potential series and Pourbaix diagrams [93] can 
provide information about potential of pure metals. This is very helpful in 
understanding the galvanic corrosion between pure metals.  However, it’s not very 
useful in predicting the micro-galvanic corrosion in as-cast alloys, which occurs due 
to differences in the potential of the intermetallic phases and the matrix. There is 
limited data on the potential of intermetallic phases. The data available in the 
literature show that majority of intermetalics in Mg alloys lead to micro-galvanic 
corrosion [26, 34, 45, 58]. Therefore, alloying elements with high solubility are 
preferable, as their intermetalics can be dissolved into Mg matrix through heat 
treatment. 
2.6.3 Biocompatibility 
Biocompatibility is the priority for implant materials. For Mg-based degradable 
implants, the material and degradation products need to be locally and systemically 
non-toxic, as well as non-carcinogenic. Furthermore, inflammation of surrounding 
tissues should be minimal. If corrosion is too fast, localized high levels of Mg ions 
could potentially cause toxicity in cells in close proximity due to osmolar imbalance.  
Inflammation of surrounding tissues can also be induced. Interestingly, investigation 
of Mg-based materials has generally shown favorable results for toxicity and 
inflammation of the tissue [6, 15]. However, further investigation to ensure a 
generalized, long-term lack of systemic toxicity and lack of carcinogenicity is 
necessary. Also, although no increase in serum levels of Mg are reported, super-
physiological levels of Mg in the blood have associated risks [6] and therefore should 
be monitored. 
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The choice of alloying elements for biocompatibility is critical, as toxicity and 
carcinogenicity have been reported for alloying candidates such as zinc, aluminium, 
chromium, and cadmium [94-96]. It is necessary to consider potential immune 
stimulatory reactions, for example, in the case of patient sensitization to metals 
(metal allergy) such as nickel, cobalt and chromium [97]. Finally, during the aqueous 
oxidation of Mg, hydrogen gas is generated and potential consequences must be 
considered for a specific application. While no intervention has been reported for 
some applications, others articulate the practice of drawing off subcutaneous pockets 
of trapped gas with a needle [6]. 
 
2.7 Currently investigated Mg alloys for medical applications  
Various Mg alloys were proposed for biomedical applications. Many in vitro and in 
vivo experiments have been performed to study their degradation rates and 
mechanisms [35].  
2.7.1 Mg-Al system 
In the Mg-Al-Zn system, the corrosion resistance in simulated body fluids (SBF) 
decreases with increase in Al content [98]. Both Mg(OH)2 and Al2O3  were observed in 
the corrosion layer of Al-containing Mg alloys. Mg(OH)2 is slightly soluble in water and 
can be transformed into soluble MgCl2 by chloride ions. Unlike Mg(OH)2, Al2O3 is 
insoluble in water and can not be destroyed by chloride ions. Thus the addition of Al 
enhances the corrosion resistance of Mg alloys. Al2O3 can also naturally form in as-
polished samples and is more stable than MgO in chloride-containing solutions, 
which also contributes to the enhancement of corrosion resistance. However, a high 
Al concentration increases the content of Mg17Al12 phase, which increases the 
tendency for pitting corrosion [35]. Although many studies look at the application of 
AZ series alloys as implants [33, 39, 98] and the in vivo study shows no toxicity in 
short term [1], Al is not suggested to be as alloying element due to its potential 
toxicity in the long run [14]. The current developments in Mg alloys for implants focus 
on the Al free Mg alloys. 
2.7.2 Mg-Ca system 
Li et al. [45] explored the effect of Ca on the mechanical and corrosion properties of 
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binary Mg-xCa (x=1~3 wt.%) alloys. The ultimate tensile strength and elongation of 
the as-cast Mg-1Ca alloy are 71.4 MPa and 1.87 %, respectively. They are improved 
to 166.7 MPa and 3 % after hot rolling, and to 239 MPa and 10.6 % after hot 
extrusion. During the in vivo implantation, the pins of Mg-1 wt.% Ca alloy gradually 
degraded within 90 days and showed a corrosion rate of 1.27 mm/y. Erdmann et al. 
[99] studied the in vivo degradation and biomechanical properties of Mg-0.8Ca alloy 
screws and found that the holding power of the screws reduced largely after 6 weeks 
implantation. Krause et al. [100] investigated the initial mechanical strength and the 
degradation behaviour with the associated changes in mechanical properties of Mg-
0.8Ca, LAE442 and WE43 alloys for osteosynthesis implants. It is found that Mg-
0.8Ca implants showed the least initial strength and the highest loss in volume after 6 
months, and concluded that its use as load bearing degradable implant material 
seems to be limited.  
2.7.3 Mg-Zn system 
Mg-6 wt.% Zn alloy exhibits the tensile strength approximately 279.5 MPa and 
elongation 18.8 % after solid solution treatment and hot working [101]. The rods of 
this alloy were implanted into the femoral shaft of rabbits, and they gradually 
absorbed in vivo at a degradation rate of 2.32 mm/y with newly formed bone 
surrounding the implant. The Zn content of Mg-xZn-1Mn alloys is optimized to 1 wt.% 
based on their mechanical and corrosion properties [56]. The extruded Mg-1Zn-1Mn 
alloy, with a tensile strength of 280 MPa and an elongation of 22 %, was implanted 
into the femora of rat. Post-operation examination after 18 weeks showed around 
54% of the implant was left [102]. The Mg-Zn alloys show good potential for medical 
applications.  
2.7.4 RE-containing system 
Witte et al. [1, 2, 60] investigated the in vivo degradation and corrosion properties of 
LAE442 and WE43 alloys. The implanted rods completely degrade in 18 weeks and 
showed good biocompatibility. Heublein et al. [103] had reported that the degradation 
of AE21 alloy in coronary artery was considered to be linear and drew the conclusion 
that the vascular implants consisting of Mg alloys are possibly a realistic alternative to 
permanent implants. These results indicate that the Mg alloys containing RE (non-
toxic) are one of the potential biomaterials.  
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The Mg-RE alloy was the only Mg-based alloy used in clinical cases recently. In the 
first clinical treatment reported by Peeters et al. [104], 20 patients were treated with 
absorbable Mg stents (3.0-mm-diameter, 15-mm-length, containing Mg>90 % and RE) 
for suboptimal angioplasty. The picture of the implanted stent is shown in Fig. 8. In 
this case, no major or minor amputation was necessary in any of the patients, 
yielding a limb salvage rate of 100 %. In a 6-month randomized study on 60 patients 
(74 lesions), the stents degraded too rapidly, resulting in the occurrence of restenosis 
within 6 months [13]. The Mg alloy stent was also used to sustain perfusion of a long 
segment recoarctation in a newborn [13]. Owing to a rapid degradation process, the 
stented vessel returned into its previous course and a second stent was implanted. 
Despite the two stents were used in the newborn, pathological Mg levels in serum 
were not detected [13]. A multi-centre and non-randomized prospective study was 
recently performed by Erbel et al. [16]. The stents achieved an immediate 
angiographic response similar to that of other metallic stents and they safely degrade 
after 4 months. However, the stents still show some limitations. The restenosis rate is 
higher than that of other bare metal stents such as stainless steel and titanium. 
Therefore the study suggested a necessary modification to the stents so that a 
prolonged degradation time can be achieved. 
 
Fig. 8: Bioabsorbable Mg stent in fully developed state (BIOTRONIK, Berlin, Germany) [104].  
 
These clinical studies further confirm the possibility of Mg alloys as implants, while 
indicate that there is a need for further refinements in Mg alloys.  
2.8 Background of Mg-Dy and Mg-Gd based systems  
A number of studies were conducted on Mg-Dy and Mg-Gd based alloys due to 
combination of good mechanical and corrosion properties [105-110]. These focus on 
their use as structure material especially at elevated temperature. There are very few 
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investigations on these alloy systems as degradable implants. Recently, Hort et al. 
reported the  potential of Mg-Gd alloys as biodegradable materials [34].  
2.8.1 Mg-Dy based system  
The Mg rich side of binary Mg-Dy phase diagram is shown in Fig. 9. The maximum 
solubility of Dy in Mg is very high, reaching 25.34wt.% at eutectic temperature. 
Rokhlin [105] reported that the mechanical properties of extruded binary Mg-
(5~25wt.%)Dy alloys at 20°C and 250 °C (Table 6). The mechanical properties of Mg-
Dy alloys can be adjusted widely by changing the Dy content. At room temperature, 
the ranges of TYS and elongation are 115-370 MPa and 1-21%, respectively.  At 
250 °C the elongation increases significantly, but the TYS reduces slightly. For 
example, the elongation of Mg-10Dy alloy is increased from 20 % to 29 %, but its 
TYS is only reduced from 132 MPa to 120 MPa. Therefore, these alloys are strongly 
suggested for the use at elevated temperature.  
 
 
Fig. 9: Mg rich side of binary Mg-Dy phase diagram [111].  
 
Table 6: Mechanical properties of extruded binary Mg-Dy alloys at 20 °C and 250 °C [105]. 
Alloys TYS (MPa) UTS (MPa) Elongation (%) 
20 °C 250 °C 20 °C 250 °C 20 °C 250 °C 
Mg-5Dy 115 80 180 150 21 30 
Mg-10Dy 132 120 203 180 20 29 
Mg-15Dy 181 170 249 305 15 27 
Mg-20Dy  330 300 393 340 3 13 
Mg-25Dy 370 380 402 430 1 5 
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2.8.2 Mg-Gd based system 
Gd is also an alloying element which can effectively improve mechanical properties of 
Mg alloys [112], and is much cheaper than Dy. As a result, almost all of works 
concentrate on the development of Mg-Gd system alloys instead of Mg-Dy system. 
Fig. 10 shows the Mg rich side of binary Mg-Gd phase diagram. The maximum 
solubility of Gd in Mg is 23.49 wt.% at eutectic temperature. Rokhlin [105] reported 
the mechanical properties of extruded binary Mg-(2-20wt.%)Gd alloys at 20 °C and 
250 °C (Table 7). Similar results to binary Mg-Dy alloys were obtained at 20 °C. The 
mechanical properties are dependent on Gd content.  
 
 
Fig. 10: Mg rich side of binary Mg-Gd phase diagram [111] 
 
Table 7: Mechanical properties of extruded binary Mg-Gd alloys at room temperature [105]. 
 
Alloys TYS (MPa) UTS (MPa) Elongation (%) 
20 °C 250 °C 20 °C 250 °C 20 °C 250 °C 
Mg-2Gd 70 40 140 90 9 35 
Mg-5Gd 75 60 150 15 18 28 
Mg-10Gd 170 110 230 170 12 23 
Mg-15Gd 210 130 250 200 4 21 
Mg-20Gd 315 220 320 280 0.2 18 
 
Recently, Hort et al. [34] studied high purity cast Mg–2Gd, Mg–5Gd, Mg–10Gd, Mg–
15Gd alloys for medical applications. The alloys were in the as-cast condition (F), 
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solutionized 24 h at 525 °C and water quenched (T4), and solutionized and aged for 
6 h at 250 °C (T6). All alloys contained the second phase Mg5Gd at grain boundaries 
in the as-cast state. After T4 treatments, most of these particles dissolved although 
some remained. The T6 treatment led to precipitation of fine nano-sized particles in 
all alloys except for Mg–2Gd. TEM diffraction investigations show theses particles are 
the meta-stable β′ and β″. The β′ phase is homogeneously distributed throughout the 
matrix whereas β″ was only found in limited areas. Mechanical properties of these 
alloys are shown in Table 8. By adjusting the concentration of Gd and the heat 
treatments, tensile yield stress can be adjusted between 33 and 200 MPa, and 
ultimate tensile strength between 79 and 250 MPa.  
 
Table 8: mechanical properties of binary Mg-Gd alloys at room temperature [34]. 
 
conditions Alloys TYS (MPa) UTS (MPa) Elongation (%) 
 
 
F 
Mg-2Gd 38 104 6.4 
Mg-5Gd 55 128 6.6 
Mg-10Gd 84 131 2.5 
Mg-15Gd 128 175 0.9 
 
 
T4 
Mg-2Gd 33 87 4.9 
Mg-5Gd 45 98 6.0 
Mg-10Gd 69 112 3.2 
Mg-15Gd 118 189 2.4 
 
 
T6 
Mg-2Gd 41 101 5.7 
Mg-5Gd 43 78 4.3 
Mg-10Gd 85 132 2.2 
Mg-15Gd 201 250 0.7 
 
 
The corrosion rate of these alloys was measured by immersion in 1 % NaCl at room 
temperature (Fig. 11). The corrosion rate decreases with increasing Gd content up to 
10 % for the alloys in all the conditions. In particular the corrosion rate for Mg-10Gd in 
the T4 condition was 0.7 mm/y. The corrosion rate in the T6 condition was even 
smaller at 0.4 mm/y despite the presence of nano-sized precipitates, which does not 
have an adverse influence on the corrosion rate. The corrosion rate for Mg–15Gd 
was much higher due to the micro-galvanic acceleration by the second phase. 
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Fig. 11: Corrosion rate of binary Mg-Gd alloys in 1 wt.% NaCl solution at room temperature [113].  
 
Since Gd is an expensive alloying element for the industrial applications, alloy 
concentration has to be controlled. Therefore, for the industrial applications such as 
car components, other alloying elements are introduced and the Gd content is 
generally kept below 10 wt.%. There is a large amount of research on Mg-Gd-Y 
alloys system [106-110], As-cast Mg-10Gd-2Y-0.5 Zr alloy in T6 condition following 
T4 treatment has a TYS of 239 MPa, which is further increased to 331 MPa in the 
extruded and T6 treated condition [108]. Liang et al. [110] investigated the corrosion 
property of Mg-7Gd-3Y-0.4Zr alloy in 5 wt.% NaCl solution and found a low corrosion 
rate of 0.3 mg·cm-2·d-1 in T4 condition and 0.6 mg·cm-2·d-1 in T6 condition.  
 
These previous studies show that the Mg-Dy and Mg-Gd based alloying systems 
have a good combination of mechanical and corrosion properties. So far, there is no 
report on the Mg-Dy-Gd system. However, the previous investigations indicate these 
systems can be promising alloy systems for medical applications.  
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3 Motivation and objectives 
Mg and its alloys have been investigated as implants for almost two centuries. 
However, they are not used in commercial implants.  One of the key issues is that Mg 
alloys do not show a moderate and homogeneous degradation rate to maintain the 
mechanical integrity of the implant during the healing process. This could be caused 
by the insufficient mechanical properties, rapid corrosion or localized corrosion. One 
of the most effective ways to tailor the mechanical and corrosion properties of Mg is 
by controlling alloying additions. In this work, Mg-Dy alloys and Mg-Dy-Gd-Zr alloys 
are designed and investigated. Rare earth elements Dy and Gd are selected as main 
alloying elements due to the following reasons.  
 
 Successful clinical trials of Mg-RE stent have been performed [13]. Although 
some problems still need to be solved, Mg-RE alloys have shown a good 
potential for medical applications [14]. 
 A large concentration of Dy and Gd can be tolerated in in vitro cytotoxicity 
tests [3]. Both Dy and Gd are used as contrast medium for magnetic 
resonance imaging and they show acceptable biocompatibility [92, 114]. 
 The solubility of Dy and Gd is high in Mg matrix reaching a maximum value of 
25.4 wt.% and 23.5 wt.%, respectively [111]. Thus, both mechanical and 
corrosion properties can be tailored by changing the alloy content and heat 
treatment. 
 
The objectives for this work include:  
 Investigate the influence of Dy and Gd content on the microstructure, 
mechanical and in vitro bio-corrosion properties of Mg-Dy-Gd-Zr alloys.  
 Investigate the influence of heat treatment on the microstructure, mechanical 
and corrosion properties of Mg-RE alloys. 
 Investigate the bio-corrosion products of Mg-RE alloys and their preliminary 
cytotoxicity. 
 Develop new Mg-RE alloys with adjustable mechanical properties, low 
corrosion rate and good biocompatibility.  
32  4 Experimental procedures 
4 Experimental procedures 
4.1 Materials 
Permanent mould direct chill casting (Fig. 12) was used to prepare 8 alloys with 
nominal chemical compositions listed in Table 12. High-purity Mg (MEL, UK, 99.94 
wt.%) was molten in a mild steel crucible under a protective atmosphere (Ar + 2% 
SF6). Pure Dy (Grirem, China, 99.5 wt.%), pure Gd (Grirem, China, 99.5 wt.%) and 
Mg-33.3wt.%Zr master alloy were added at a melt temperature of 720 °C. The melt 
was stirred at 200 rpm for 30 min. After that, the melt was cast using a directly chilled 
permanent mould casting method. Firstly, the melt was poured into a mould 
preheated at 500 °C. The filled mould was held at 670 °C for 30 min under the 
protective gas. Then the whole steel crucible with the melt was lowered into cooling 
water at a rate of 10 mm/s. When the bottom of steel crucible touched the water, it 
was stopped for 1 second. When the melt was fully immersed, the solidification 
finished. The size of ingot was cylinder, Φ12cm × 20cm, and cuboid block, 20 cm ×12 
cm × 6 cm, for alloys with and without Zr, respectively.  
 
  
Fig. 12: Casting furnace (left) and permanent mould direct chill casting system (right)  
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The chemical compositions of these alloys were analyzed using X-ray fluorescence 
(XRF) analyzer (Bruker AXS S4 Explorer, Germany) for Dy, Gd and Ni, and using 
spark optical emission spectroscopy (Spectrolab M9 Kleve, Germany) for Zr, Fe and 
Cu.  
 
Table 9: Nominal chemical compositions of experimental alloys (wt.%). 
alloys abbreviations Dy Gd Zr Mg 
Mg-5Dy -- 5 -- -- Balance 
Mg-10Dy -- 10 -- -- Balance 
Mg-15Dy -- 15 -- -- Balance 
Mg-20Dy -- 20 -- -- Balance 
Mg-10Dy-0.2Zr D10K 10  0.2 Balance 
Mg-8Dy-2Gd-0.2Zr DG82K 8 2 0.2 Balance 
Mg-5Dy-5Gd-0.2Zr DG55K 5 5 0.2 Balance 
Mg-2Dy-8Gd-0.2Zr DG28K 2 8 0.2 Balance 
 
For binary Mg-Dy alloys, solution treatment (T4) was performed at 520 °C for 24 
hours followed by water quenching, and ageing treatment (T6) was performed at 
200 °C and 250 °C followed by air cooling. For alloys D10K, DG82K, DG55K and 
DG28K, T4 was performed at 520 °C for 8 hours followed by water quenching, and 
T6 was performed at 200 °C followed by air cooling. 
4.2 Microstructure  
4.2.1 Optical microscopy 
Specimens were cut from the same location in different ingots to avoid the influence 
of solidification condition on microstructure, as illustrated in Fig. 13. For the 
preparation and examination of optical microstructure, specimens were mounted with 
cold setting polymers. Powdered and liquid Demotec 30 was mixed in the ratio 1:1, 
and then poured into the mounting mould with specimen inside.  The polymer paste 
took approximately 15 min to solidify under room temperature. After solidification of 
the polymer, the mounting moulds were removed carefully in case of deformation of 
specimens. Specimens were then ground using silicon carbide emery paper up to 
2500 grit, and then polished with 0.05 µm colloidal silica (OPS). The polished surface 
was finally cleaned using ethanol and dried under blowing warm air. Specimens were 
etched in a solution containing 8 g picric acid, 5 ml acetic acid, 10 ml distilled water 
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and 100 ml ethanol, and quickly washed using ethanol and dried with blowing warm 
air. Macro structure was investigated using a high-resolution scanner (HP Scanjet 
4890). Microstructure was characterized using light microscope (Reichert-Jung MeF3) 
with a digital camera attachment. Grain sizes were determined using the line 
intercept methods [115]. 
   
Fig. 13: Schematic illustration about the positions of specimens’ preparations  
4.2.2 Scanning electron microscopy 
Specimens were ground and polished with the same method described in optical 
microscopy and were further electropolished using an electrolytic apparatus 
(LectroPol-5, Struers Inc) at a voltage of 30 V for 70 seconds. The composition of the 
electrolyte is shown in Table 10.  A Zeiss Ultra 55 (Carl Zeiss GmbH, Oberkochen, 
Germany) scanning electron microscope (SEM) equipped with energy dispersive X-
ray (EDX) analyzer was used to observe the microstructure at 15KV. EDX was used 
to analyze the compositions of different phases with a minimum live time of 50 
seconds.  
 
Table 10: Composition of electrolyte for electropolishing. 
Component Sodium Thiocyanate 
Dihydrate 
Citric 
Acid 
Ethanol Propanol Hydroxyquinoline Perchloric 
Acid 
amount 60 g 75 g 800 ml 100 ml 10 g 15 ml 
 
4.2.3 Transmission electron microscopy 
Mg-20Dy alloy aged at 250°C for 16 h, aged at 200°C for 168h, and DG28K alloy 
aged at 200°C for 72 h were selected for transmission electron microscopy (TEM). 
Specimens were ground mechanically to about 400 µm and then cut to Φ3 mm discs 
with an Abrasive Slurry Disc Cutter (Model 360, South Bay Technology, Inc). The 
discs were mechanically ground to 120 μm and further thinned by electropolishing in 
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a twin jet electropolisher using a solution of 2.5 % HClO4 and 97.5 % ethanol at about 
−45 °C and a voltage of 40 V. Afterwards, the polished specimens were washed in 
acetone. The TEM examinations were carried out on a Philips CM 200 instrument 
with an energy dispersive X-ray analysis (EDX) system operating at 200 kV.  
4.2.4 XRD analysis 
For phase analysis, X-ray diffraction (XRD) measurements were performed using a 
diffractometer (Siemens D5000, Germany) with Cu K-α1 radiation (wavelength λ= 
0.15406 nm). The measurement was carried out at 40 kV voltage and 40 mA current, 
with a step size of 0.02 degree. Specimens were prepared by grinding to 2500 grit 
with silicon carbide emery paper. CaRIne crystallography software (version 3.1) was 
used to simulate the diffraction peaks of β′ phase based on its crystal structure 
(orthorhombic, a = 0.64 nm, b = 0.22 nm, c = 0.52 nm) [115, 116]. 
4.3 Mechanical Properties  
4.3.1 Hardness  
In order to investigate the influence of alloying elements content and heat treatment 
on the mechanical properties, Vickers hardness was measured. Specimens were 
prepared by mounting and grinding up to 2500 grit with silicon carbide emery paper. 
Measurement was carried out using a Vickers hardness testing machine (KARL 
FRANK GMBH) with a load of 5 Kg and a dwell time of 10 seconds. An average of 10 
measurements was made for each condition as shown in Fig. 14.  
 
 
Fig. 14: A specimen after hardness test. The specimen size is 18 mm × 18 mm.  
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4.3.2 Tension and Compression 
Tension and compression tests were performed at room temperature using a Zwick 
050 testing machine (Zwick GmbH & Co., KG, Ulm, Germany) according to DIN EN 
10002 [49] and DIN 50106 [112], respectively. Fig. 15 shows the pictures of tensile 
and compressive specimens. Tensile specimens with a gauge length of 30 mm, a 
diameter of 6 mm and threaded heads were used. The compressive specimens were 
cylinders with a height of 16.5 mm and a diameter of 11 mm. Both tension and 
compression tests were done under a strain rate of 1×10-3 s-1. At least three 
specimens were tested under each condition.  
 
Fig. 15: Tensile and compressive specimens. 
4.4 Corrosion rate  
Weight loss tests were performed in two conditions:  
 0.9 wt. % NaCl solution at room temperature. 
 Cell culture medium (CCM) consisting of Dulbecco’s modified eagle medium 
(DMEM) (Sigma Aldrich Chemie, Taufkirchen, Germany) and 10% fetal bovine 
serum (FBS Gold, PAA Laboratories, Linz, Austria) in an incubator under cell 
culture conditions (37°C, 21% O2, 5% CO2, 95% rH), as shown in Fig. 16. The 
composition of DMEM is listed in Table 11. 
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Fig. 16: Incubator used in corrosion tests.  
 
Table 11: Composition of DMEM (mg/L) 
 
 
 
Inorganic 
salts 
Calcium Chloride (CaCl2 · 2H2O) 264 
Ferric Nitrate (Fe(NO3)3 · 9H2O) 0.1 
Magnesium Sulfate (MgSO4 · 7H2O) 200 
Potassium Chloride (KCl) 400 
Sodium Bicarbonate (NaHCO3) 3700 
Sodium Chloride (NaCl) 6400 
Sodium Phosphate Monobasic(NaH2PO4 · 
2H2O) 
141 
 
 
Organic 
salts 
 
Vitamins 35.6 
Amino Acids 1852 
D-Glucose (Dextrose) 4500 
Phenol Red 15 
Sodium Pyruvate 110 
 
The specimens were prepared by grinding each side with 2400 grid emery paper and 
degreasing the surfaces with ethanol prior to corrosion tests. For the corrosion tests 
in CCM, the specimens were sterilized in 70% ethanol for 15 min before the start of 
tests. Then all procedures were carried out under sterile conditions. The specimens 
were either immersed in NaCl solution for 3 d or immersed in CCM for 14 d, 
respectively. The corrosion products were removed by immersing the corroded 
38  4 Experimental procedures 
specimens in chromic acid (180 g/l) for 20 min at room temperature. The average 
corrosion rate was calculated in millimetre per year (mm/y) using the following 
equation:  
48.76 10 g
A
CR
t
 

 
Δ
ρ       Equation 3 
Where Δg is weight change in g, A is initial surface area in cm2, t is immersion time in 
hours (h) and ρ is density of the alloy in g·cm–3. At least three specimens were tested 
for each condition.  
 
4.5 Characterization of corrosion layer  
4.5.1 Measurement of corrosion layer thickness 
The thickness of the corrosion layer was measured with a coating thickness gauge 
(MiniTest 600, ElectroPhysik, Germany) and was further verified by observing the 
cross section of the corroded sample with optical microscope. For preparation of 
cross section, the specimens were embedded into resin and ground to 4000 grid 
emery paper perpendicularly to the corroded surface. After grinding, the specimens 
were mechanically polished, and then cleaned in 100% ethanol in an ultrasonic bath 
to remove contaminations on the surface.  
4.5.2 Corrosion morphology observation  
Micro corrosion morphology observations and compositions analysis of corrosion 
layer were performed using a Zeiss Ultra 55 scanning electron microscope equipped 
with energy dispersive X-ray (EDX) analyzer and operated at 15kV. The cross section 
of the corroded sample (after 3 days immersion and drying) was prepared by cutting 
with 30 keV gallium focused ion beam (FIB), equipped on a SEM (Auriga, Zeiss, 
Oberkochen, Germany). To prevent destroying corrosion layer and obtain precise 
cutting along the corrosion layer, a layer of platinum was deposited on the corroded 
surface. The morphology observation, line scanning and mapping of the cross 
section of the corrosion layer were performed directly after cutting, operating at 15 kV. 
4.5.3 XPS analysis  
X-ray induced photoelectron spectroscopy (XPS) experiments were carried out on a 
Kratos Axis Ultra DLD (Kratos Analytical Ltd., Manchester, UK) attached with a 15 kV 
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X-ray gun using monochromatic Al K-α radiation. Corrosion layer of Mg-10Dy alloy 
and pure Dy metal were prepared by 24 h immersion in the CCM under cell culture 
condition. Samples were cleaned with distilled water and dried under vacuum 
conditions. The measured area was 700 µm × 300 µm and the pass energy was 40 
eV at the regions of measurements and 160 eV for survey scans. As a result of 
nonconductive nature of the corrosion products, a charge neutralizer was used to 
correct the chemical shifts caused by charging. Additionally, argon ions (4000 eV) 
were used to etch the specimens in order to investigate the composition of corrosion 
layer at different depth. The applied sputtering rate is about 40nm/min. Curve fitting 
of the spectra was performed with Casa 2.3.15 software (Casa Software Ltd., 
Teighnmouth, Devon, UK, 2003). Element binding energy database used is the NIST 
Standard Reference Database 20, Version 3.5.  
4.6 Evaluation of cytotoxicity 
4.6.1 Specimens preparation  
The cytotoxicity of new developed alloys was studied via direct cell adhesion tests. 
Cylindrical specimens with a diameter of 10 mm and a height of 1.5 mm were 
prepared by electrical discharge machining. Both sides of these specimens were 
ground with 2500 grit emery paper and ultrasonically cleaned in ethanol for 3 min and 
then dried in air. Pure Mg specimens were also investigated as a reference, to 
evaluate the influence of alloying elements on the cytotoxicity. Before cytotoxicity 
tests, all specimens were sterilized in 70% ethanol for 15 min and pre-incubated for 2 
h and 3 days under cell culture condition in CCM. Agarose coating was prepared on 
12-well-plates (Nunc, Wiesbaden, Germany) to avoid growing of cells on the plates.  
4.6.2 Isolation and culture of primary human osteoblasts 
Osteoblasts were obtained from bone chips of a patient undergoing total hip 
arthroplasty following the protocol of Gallagher [117]. The isolation protocol was 
approved by the local ethic committee. Cancellous bone was removed from the 
femoral head with bone rongeurs in pieces of about 5 mm diameter. Bone marrow 
and non-bone components are removed by thoroughly vortexing in PBS repeatedly 
for 30 s, during which the PBS was replaced continuously. After the bone fragments 
became white and ivory-like they were cultured in DMEM Glutamax-I with 10% 
40  4 Experimental procedures 
FBS,1% penicillin and 100 mg/L streptomycin (Invitrogen Corporation, 166 Karlsruhe, 
Germany) for about 10 days without changing the medium. Then medium was 
changed every 2–3 days. Passage was done at 70–80% confluence. Experiments 
were performed with cells in the 2nd passage. 
 
4.6.3 Direct cell contact tests 
The schematic illustration of the direct cell contact test is shown in Fig. 17. 
Osteoblasts were seeded on top of the specimens in 12-well-plates in 50 µl solution 
at a density of 100,000 cells per specimen and incubated for 40 min for the cells to 
settle down. Thereafter, 3 ml CCM was added to each well. After 3 days and 7 days 
incubation, the cytotoxicity of specimens was evaluated using SEM and fluorescence 
microscopy.  Two samples were investigated for each condition.   
 SEM observation 
After incubation, the specimens were washed with PBS and then immersed into 2.5% 
glutaraldehyde solution over night to fix the cells. The specimens were then 
immersed into 1% osmium tetroxide for 30 min for staining. Gradual dehydration was 
carried out in a graded aqueous alcohol series from 20 to 100 vol.% isopropanol (2-
propanol, Merck; Darmstadt, Germany). Finally, the specimens were dried via critical 
point drying in isopropanol (Leica EM CPD030, Leica Mikrosysteme, Wetzlar, 
Germany).  Morphology of cells on the specimens was observed using SEM operated 
at 1 kV.  
 Fluorescence microscopy (live dead staining) 
LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen) for mammalian cells was used for 
staining. The staining solution consisted of 98.6 vol.% CCM, 0.4 vol.% Calcein AM 
and 1 vol.% Ethidiumhomodimer-1.  After incubation, the specimens were washed 
with PBS and then covered with the staining solution. The samples were then 
incubated in cell culture condition for 20 min, and staining solution was replaced by 
the CCM. Fluorescence microscope (Nikon TI Eclipse) was used to record the 
fluorescence images. Four images were taken randomly and used for cell viability 
calculation using the following equation. 
%100


NDNL
NL
CV
 Equation 4 
Where CV is the cells viability, NL is the numbers of live cells and ND is the numbers 
of dead cells.  
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Fig. 17: Schematic illustration of a direct cell adhesion test.
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5 Results  
5.1 Mg-Dy alloys 
5.1.1 Chemical composition 
The actual composition of the alloys investigated were measured using spark optical 
emission spectroscopy (OES), as listed in Table 12. The content of Ni can not be 
determined by the spark optical emission spectroscopy due to the overlap of Ni 
peaks with the strong Dy peaks. Therefore, the content of Ni was determined by XRF 
and the Ni content was below the threshold value for 0.004 wt.%.  
 
Table 12: Actual chemical compositions of experimental alloys (wt.%). 
Alloys Dy Fe Ni Cu Mg 
Mg-5Dy 4.5 0.004 <0.004 0.07 Balance 
Mg-10Dy 9.2 0.005 <0.004 0.007 Balance 
Mg-15Dy 13.0 0.007 <0.004 0.008 Balance 
Mg-20Dy 18.6 0.009 <0.004 0.01 Balance 
 
5.1.2 Microstructure characterization  
5.1.2.1 As cast microstructures 
The optical macrostructure of Mg-Dy alloys in the as-cast (F) condition is shown in 
Fig. 18. Very inhomogeneous microstructure is formed due to the fast solidification 
experienced during the direct chill casting (water quenching). The grain size is 
smaller at the edge than that at the centre. The influence of Dy content on the grain 
size was investigated by measuring the grain size at the edge of the ingots for all 
alloys. The grain size decreases significantly with the increase in the Dy content from 
5 wt.% to 10 wt.%, but further addition of Dy has less influence on the grain size, as 
shown in Table 13.  
 
The optical microstructures of the as-cast Mg-Dy alloys (Fig. 19) are typical dendritic 
structure that is observed in many cast alloys. The dendritic morphology becomes 
smaller and smaller with the increase in the Dy content. A small number of second 
phase particles were found in the Mg-5Dy, Mg-10Dy and Mg-15Dy alloys. Both size 
and amount of the secondary phases increased significantly in Mg-20Dy alloy but the 
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particles were not resolved by optical microscopy.   
 
  
  
 
Fig. 18: Optical macrostructures of as cast Mg-Dy alloys: (a) Mg-5Dy; (b) Mg-10Dy; (c) Mg-15Dy; (d) 
Mg-20Dy. 
 
Table 13: Grain size of Mg-Dy alloys at edge (mm). 
Alloy Mg-5Dy Mg-10Dy Mg-15Dy Mg-20Dy 
Edge (F) 3.34±2.87 0.61±0.46 0.56±0.26 0.64±0.23 
Edge (T4) 3.82±4.14 1.23±0.68 0.79±0.44 0.52±0.43 
 
 
Fig. 20 illustrates the SEM microstructure of the as-cast Mg-Dy alloys. The bright 
areas shown in the pictures are caused by the segregation of Dy, which mainly 
locates at the interdendritic region and the grain boundaries. With the increase in the 
Dy content, both the area fraction of Dy segregation and the amount of secondary 
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phases increase. When the content of Dy reaches 20 wt.%, the amount of second 
phase with a spherical morphology increases significantly.  
 
  
  
 
Fig. 19: Optical microstructures of as-cast: (a) Mg-5Dy; (b) Mg-10Dy; (c) Mg-15Dy; (d) Mg-20Dy alloys. 
 
The distribution of Dy in the different regions was analyzed using EDX (Table 14). 
The Dy content in Mg matrix (F), as indicated by character A, is about half the 
composition of the alloy. For example, the content of Dy in the Mg matrix is 2.17 wt.% 
and 10.3 wt.% for Mg-5Dy and Mg-20Dy alloys, respectively. The Dy content in the 
segregated area, as indicated by character B, is much higher than that in the matrix 
and it increases with the increased Dy content. The content of Dy in the segregated 
regions increase from 19.26 wt.% to 29.2 wt.% when the Dy addition increases from 
5 to 20 wt.%. EDX analysis showed the composition of the second phase to be about 
85 at.% Mg, 14 at.% Dy and 1 at.% O (Fig. 20 (e)). The SEM microstructure shows 
that the amount of second phase is very low for Mg-5Dy, Mg-10Dy and Mg-15Dy 
alloys. Thus Mg-20Dy alloy was selected for the XRD phase analysis to determine 
the second phase and the XRD shows that the second phase is Mg24Dy5 Fig. 21). 
The TEM micrograph  of the second phase and the corresponding diffraction pattern 
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which can be indexed as the β phase [118] (Fig. 22). 
 
  
  
 
Fig. 20: SEM (BSE) microstructures of as-cast Mg-Dy alloys: (a) Mg-5Dy; (b) Mg-10Dy; (c) Mg-15Dy; 
(d) Mg-20Dy; (A: Mg matrix; B: segregation of Dy; C: second phase). 
 
Table 14: Distribution of Dy in different areas of Mg-Dy alloys (wt.%). 
alloys Mg-5Dy Mg-10Dy Mg-15Dy Mg-20Dy 
Matrix  (F) 2.17±0.15 4.92±0.09 7.81±0.36 10.3±0.62 
segregation region of Dy (F) 19.51±0.68 21.67±0.86 25.345±0.54 28.9±0.92 
Second phase (F) --- --- --- 51.8±1.20 
Matrix (T4) 4.38±0.05 8.23±0.04 12.38±0.25 18.01±0.18 
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Fig. 21: XRD pattern of the as-cast Mg-20Dy alloy in as cast condition. 
 
  
 
Fig. 22: (a): TEM micrograph of second phase in the as-cast Mg-20Dy alloy and (b) the corresponding 
diffraction pattern along zone axis [111].   
 
5.1.2.2 Microstructures after T4 treatment (520 °C/24 h) 
Based on Mg-Dy phase diagram (Fig. 9) and previous result on binary Mg-Gd alloys 
[34], T4 treatment was performed at 520 °C for 24 hours. After T4 treatment, the 
grain size of Mg-Dy alloys increased but it is difficult to determine an exact grain size 
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due to inhomogeneity in the grain size observed within the microstructure (Table 13). 
Fig. 23 shows the microstructure of Mg-Dy alloys after T4 treatment. The segregation 
of Dy is completely eliminated and only very few precipitates remained in the alloys, 
mainly in Mg-20Dy alloy. The Dy content in the matrix was analyzed using EDX and 
the measured area is indicated by arrow D.  As listed in Table 14, the Dy content in 
the matrix of Mg-5Dy, Mg-10Dy, Mg-15Dy and Mg-20Dy alloys are 4.38, 8.23, 12.38 
and 18.01 wt.%, respectively, which are close to the actual Dy content. This indicates 
that the Dy has dissolved into the Mg matrix following the T4 treatment.  
 
  
  
 
Fig. 23: Microstructures of Mg-Dy alloys after T4 treatment (520 oC for 24h): (a) Mg-5Dy; (b) Mg-10Dy; 
(c) Mg-15Dy; (d) Mg-20Dy. 
 
5.1.2.3 Microstructures after T6 treatment 
The age hardening response was measured for the Mg-(10-20)Dy alloys at 200 and  
250 °C (Fig. 24). The solubility of Dy is approximately 10 wt.% at 200 °C according to 
the Mg-Dy binary phase diagram [111] thus the age hardening response of the Mg-
5Dy alloy was not investigated. 
 
At 200 °C, the age hardening response may exist for all three alloys but only very 
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small changes in hardness can be observed for the Mg-10Dy and Mg-15Dy. For Mg-
20Dy alloy aged at 200°C, there is little change of the hardness in the initial period 
(stage I). And then, the hardness increases apparently with the increase of ageing 
time up to 168 h (stage II). When the ageing time exceeds 168 h (stage III), the 
increasing rate of hardness becomes very slow. The maximum hardness was not 
observed even after ageing for 480 h.  At 250 °C, none of the alloys investigated 
show appreciable age hardening and the hardness change is not significant. 
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Fig. 24: Vickers hardness as a function of ageing time for Mg-Dy alloys aged at: (a) 200°C and (b) 
250°C. 
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Fig. 25: TEM microstructure and diffraction pattern of Mg-20Dy alloy: (a) aged at 200 °C
 
 for 168 h and 
(b) corresponding diffraction pattern (the zone axis is  0112 α); (c) aged at 250 °C for 16 h at low 
magnification
 
; (d) aged at 250 °C
 
 for 16 h at high magnification.  
 
Based on the age hardening curves TEM investigations on the precipitates were 
performed for Mg-20Dy alloy aged at 200°C for 168 h (T6-1) which is the end of rapid 
increase in hardness and at 250°C for 16 h (T6-2), as shown in Fig. 25. The 
microstructure after T6-1 treatment shows that very fine precipitates homogeneously 
distribute in all over the matrix (Fig. 25 (a)). The selected area electron diffraction 
pattern obtained with the beam parallel to  0112 α shows additional reflection (Fig. 
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25 (b)). Analysis of these reflections indicates that the fine precipitates are the 
metastable phase β′, which in Mg-Gd binary has been determined to have a 
composition of Mg13RE3 and a base-centred orthorhombic structure, with lattice 
parameters a = 0.64 nm, b = 2.22 nm, c = 0.52 nm [116]. This is independently 
verified with XRD analysis (Fig. 26). The orientation relationship between β′ and 
matrix is  001 β′ //  0001 α,  100  β′ //  0112 α [118]. In T6-2 condition, only a few 
precipitates are formed and the distribution of such precipitates is not uniform (Fig. 25 
(c)). The size of the precipitates is about 30- 50 nm in length and 10-30 nm in width 
(Fig. 25 (d)). Due to the non-uniform distribution of these precipitates and relatively 
small volume fraction, selected area diffraction patterns could not be recorded. 
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Fig. 26: XRD pattern of Mg-20Dy alloy aged at 200°C for 168 h. 
 
5.1.3 Mechanical properties 
5.1.3.1 Hardness  
Fig. 27 shows the Vickers hardness of Mg-Dy alloys in different conditions. In the as-
cast condition, the Vickers hardness is approximately 41 HV for Mg-5Dy alloy. With 
the increase in Dy content, the hardness increases and reaches around 78 HV for 
Mg-20Dy alloy. After T4 treatment, the Vickers hardness slightly decreases for all 
alloys. After T6-1 treatment, although the improvement in hardness is still very small 
for Mg-10Dy and Mg-15Dy alloys, it is significant for Mg-20Dy alloy, increasing from 
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72 HV to 116 HV. After T6-2 treatment, the hardness is only marginally improved for 
all tested alloys compared with T4 condition. 
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Fig. 27: Vickers hardness of Mg-Dy alloys in different conditions. 
 
5.1.3.2 Tensile properties 
The tensile yield strength (TYS) of Mg-Dy alloys tested following different processing 
conditions for Mg-Dy alloys are shown in Fig. 28 (a). In the as cast condition the 
tensile yield strength increases with the increase in the amount of Dy. A maximum of 
112 MPa was reached with a Dy content of 20wt%. After T4 treatment, the TYS 
decreases for all alloys. For example, it reduces from 82 MPa and 105 MPa to 63 
MPa and 68 MPa for Mg-10Dy and Mg-15Dy alloys, respectively. T6-1 treatment 
leads to a slight improvement of the TYS for Mg-10Dy alloy. A significant 
improvement from 110 MPa to 167 MPa is obtained for Mg-20Dy alloy after T6-1 
treatment due to precipitation hardening. After T6-2 treatment, the TYS remains 
unchanged for Mg-10Dy and Mg-15Dy alloys and increases slightly for Mg-20Dy alloy 
compared with T4 condition.  
 
 The ultimate tensile strength (UTS) of Mg-Dy alloys in different conditions are 
illustrated in Fig. 28 (b). In the as-cast condition, Mg-5Dy alloy has the lowest UTS 
with a value of about 77 MPa.  With the increase in the Dy content to 10wt% the UTS 
increases to 115 MPa but further increase in the Dy content has a little influence on 
the UTS. After the T4 treatment, a little change in the UTS is observed for the Mg-5Dy, 
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Mg-15Dy and Mg-20Dy alloys, but the UTS of Mg-10Dy alloy reduces from 130 MPa 
to 103 MPa. After T6-1 treatment, the UTS significantly increases from 147 to 219 
MPa for Mg-20Dy alloy, while no change in the UTS is observed for the Mg-10Dy and 
Mg-15Dy alloys. After T6-2 treatment, the UTS remain unchanged for all tested alloys 
compared with T4 condition. 
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Fig. 28; Tensile properties of Mg-Dy alloys in different conditions: (a) tensile yield strength (TYS); (b) 
ultimate tensile strength (UTS); (c) elongation 
    
The tensile elongations to failure for Mg-Dy alloys under different conditions are 
presented in Fig. 28 (c). Due to inhomogeneous microstructure large variations in the 
tensile elongations were observed. In the as-cast condition, the tensile elongation 
increases by a small amount with increased Dy content from 5 wt.% to 10 wt.%. 
Above 10wt% Dy the elongation decreases.  Considering the large deviation, the 
elongation stays at the same level for Mg-(5-15)Dy alloy under different conditions. 
For Mg-20Dy alloy, the elongation reduces after both T6-1 and T6-2 treatment. 
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5.1.3.3 Compressive properties 
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Fig. 29: Compressive properties of Mg-Dy alloys in different conditions: (a) compressive yield strength 
(CYS); (b) ultimate compressive strength (UCS); (c) Compressibility (strain at maximum stress point) 
 
The compressive properties of Mg-Dy alloys under different processing conditions 
are summarized in Fig. 29. The compression results follow a similar trend to that of 
tension. In the as-cast condition, both the compressive yield strength (CYS) and 
ultimate compressive strength (UCS) are enhanced linearly with the increase of Dy 
content. They reach to 136 MPa and 290 MPa for Mg-20Dy alloy, respectively (Fig. 
29 (a, b)). The compressibility is similar between the alloys in the as-cast condition at 
~ 13% (Fig. 29 (c)). After T4 treatment, both of the CYS and UCS decrease for all 
alloys. Following T4 heat treatment the CYS and UCS are 84 MPa and 186 MPa for 
Mg-20Dy alloy, respectively (Fig. 29 (a, b)). The compressibility remains at the same 
level after T4 treatment considering the large deviation (Fig. 29 (c)). After T6-1 
treatment, there is a small increment in the CYS for the Mg-(10-15) Dy alloys while a 
54  5 Results 
significantly high increment from 116 MPa to 229 MPa for Mg-20Dy alloy due to 
formation of fine scale precipitates  (Fig. 29 (a)). T6-2 treatment had no effect on the 
compression properties of Mg-10Dy and Mg-15Dy alloys, while a marginal 
improvement in the CYS for Mg-20Dy alloy was observed (Fig. 29 (a)). 
5.1.4 Corrosion in NaCl 
5.1.4.1 Corrosion rate 
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Fig. 30: Corrosion rates of Mg-Dy alloys after 72h immersion in 0.9wt.% NaCl solution at room 
temperature. 
 
Fig. 30 shows the corrosion rate of Mg-Dy alloys in 0.9 wt.% NaCl solution at room 
temperature. In the as-cast condition the Mg-10Dy alloy shows the lowest corrosion 
rate at 3 mm/year compared with Mg-5Dy alloy at 7.5 mm/year. At Dy concentration 
higher than 10 wt% the corrosion rate increases again but do not reach the 
7.5mm/year observed for the Mg-5Dy alloy. The corrosion rate is lower for the T4 
treated alloy as compared with the as-cast condition. For example, the corrosion rate 
of Mg-5Dy alloy decreases from 7.5 mm/year to 0.9 mm/year after T4 treatment. The 
corrosion rate of Mg-10Dy and Mg-15Dy alloys is about 1.3 mm/year, which is slightly 
higher than that of Mg-5Dy alloy. In comparison, the Mg-20Dy alloy has a high 
corrosion rate at 3.1 mm/year after T4 treatment. After T6-1 treatment, the corrosion 
rate of Mg-10Dy alloy remains at the same as that of the T4 condition. However, the 
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corrosion rate increases significantly for Mg-15Dy and Mg-20Dy alloys. For the Mg-
20Dy alloy the corrosion rate increased to 21.5 mm/y, which is ~ 7 times that of the 
T4 treated alloy (3.1 mm/y). After T6-2 treatment, the corrosion rate of the Mg-20Dy 
alloy increased marginally from 3.1 to 4.1 mm/y. While the corrosion rate decreases 
slightly for Mg-10Dy and Mg-15Dy alloys following T6-2 heat treatment as compared 
with the T4 treated alloy.  
 
5.1.4.2 Morphology after corrosion 
 
 
Fig. 31: Typical corrosion morphology of as-cast Mg-Dy alloys after 72h immersion in 0.9wt.% NaCl 
solution at room temperature, which were observed after removing the corrosion products: (a) Mg-5Dy 
alloy; (b) Mg-10Dy alloy; (c) Mg-15Dy alloy; (d) Mg-20Dy alloy. 
 
The typical macro corrosion morphology of as-cast alloys is shown in Fig. 31. 
Apparent filiform corrosion occurs on the surface of the Mg-5Dy alloy after 72 h 
immersion testing (Fig. 31 (a)). The amount of filiform corrosion diminishes with an 
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increased content of Dy. When the content of Dy is more than 15 wt.%, little  filiform 
corrosion is observed (Fig. 31 (c, d)).  With the increase of Dy the amount of pitting 
corrosion increases. Both the filiform and pitting corrosion lead to a high corrosion 
rate. As a result, the lowest corrosion rate is observed for the Mg-10Dy alloy due to 
the balance between the pitting and filiform corrosion.  
 
 
  
  
 
Fig. 32: Corrosion morphology of Mg-5Dy alloy after immersion in 0.9wt.% NaCl solution at room 
temperature: (a) SEM morphology after immersion for 30min; (b) SEM morphology after immersion  for 
3h; (c) optical image after immersion for 24h; (d) longitudinal cross-section morphology after 
immersion for 24h  
 
 
To further understand the corrosion process, the corrosion morphology of Mg-5Dy 
and Mg-20Dy alloys was studied after different immersion time, (Fig. 32 and Fig. 33). 
For the Mg-5Dy alloy, the initial pitting corrosion occurs after immersion for 30 min, 
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and then transforms to filiform corrosion over time (Fig. 32 (a, b)). After immersion for 
24 h, the filiform corrosion spreads all over the surface (Fig. 32 d) and cross-sectional 
investigation showed that the corrosion reaches a depth of less than 20 µm (Fig. 32 
d). For the Mg-20Dy alloy, the initiation of pitting corrosion is observed after 
immersion for 3 h (Fig. 33 a). After immersion for 24 h, apparent pitting corrosion 
(covered by corrosion products) can be seen clearly even by eye, but no filiform 
corrosion is observed for this alloy (Fig. 33 b). The cross-section of the corrosion 
morphology (Fig. 33 c) reveals the presence of severe pitting corrosion up to a depth 
of 100 µm. 
 
 
  
 
Fig. 33: Corrosion morphology of Mg-20Dy alloy after immersion in 0.9wt.% NaCl solution at room 
temperature. (a) SEM morphology after immersion for 3h; (b) optical image after immersion for 24h; (c) 
longitudinal cross-section morphology after immersion for 24h  
 
After T4 treatment, the trend of corrosion morphology between filiform and pitting 
corrosion remains similar (Fig. 34). The filiform corrosion decreases while the pitting 
corrosion increases with the increase of Dy content. However, for a given alloy, both 
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the pitting and filiform corrosion reduce after T4 treatment compared with the 
corrosion studies in the as-cast condition.  
  
  
 
Fig. 34: Typical corrosion morphology of T4 treated Mg-Dy alloys after immersion for 72h in 0.9wt.% 
NaCl solution at room temperature (corrosion products have been removed): (a) Mg-5Dy alloy; (b) Mg-
10Dy alloy; (c) Mg-15Dy alloy; (d) Mg-20Dy alloy. 
 
 
Fig. 35: Typical corrosion morphology of T6-1 treated Mg-Dy alloys after immersion for 72 h in 0.9wt.% 
NaCl solution at room temperature and removing  corrosion products: (a) Mg-10Dy alloy; (b) Mg-15Dy 
alloy; (c) Mg-20Dy alloy. 
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Fig. 36: Typical corrosion morphology of T6-2 treated Mg-Dy alloys after 72 h immersion in 0.9wt.% 
NaCl solution at room temperature and removing corrosion products: (a) Mg-10Dy alloy; (b) Mg-15Dy 
alloy; (c) Mg-20Dy alloy.  
 
After the T6-1 treatment, the corrosion morphology remains unchanged for Mg-10Dy 
alloy, while the pitting corrosion increased for Mg-15Dy alloy. In the Mg-20Dy alloy 
severe pitting corrosion is observed following T6-1 heat treatment. The pits are 
interconnected and results in extensive corrosion. After the T6-2 treatment, the 
corrosion morphology of the investigated alloys is similar to those observed after the 
T4 heat treatment.  
 
5.1.5 Corrosion in cell culture medium 
5.1.5.1 Corrosion rate 
The 0.9 wt% NaCl solution only provides a basic understanding of the corrosion 
behaviour of magnesium. In order to develop a magnesium alloy for biological 
applications this is not sufficient and the corrosion behaviour of Mg-Dy alloys was 
studied in CCM which has a close composition to that of human body fluid.  
 
The corrosion rates of Mg-Dy alloys after immersion for 14 days in the CCM under 
cell culture conditions are shown in Fig. 37. In the as-cast condition, the corrosion 
rate is about 1 mm/y for Mg-5Dy alloy which decreased to ~ 0.8 mm/y for Mg-10Dy 
alloy. Further increase in the Dy content leads to an increase of the corrosion rate.  
After the T4 treatment, the corrosion rate of Mg-5Dy, Mg-10Dy and Mg-20Dy alloys 
remains unchanged from that of the as-cast values, but it reduces from 1.2 to 0.5 
mm/y for Mg-15Dy alloy. After T6-1 and T6-2 treatment, the corrosion rates of all 
tested alloys are similar to the corrosion rates measured after T4 treatment.  
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Fig. 37: Corrosion rates of Mg-Dy alloys after immersion for 14 days in CCM under cell culture 
conditions. 
 
5.1.5.2 Morphology after corrosion 
The macro corrosion morphology of the as cast Mg-Dy alloys after 14 days 
immersion in CCM under cell culture conditions can be seen in Fig. 38. Uniform 
corrosion is visible on the surface of Mg-5Dy alloy (Fig. 38 (a)), while localized 
corrosion occurs in the other alloys as indicated by arrows in Fig. 38 (b, c, d). The 
localized corrosion is increasingly severe with the increase of Dy amount.  
 
In order to understand the influence of microstructure on the corrosion behaviour of 
Mg-Dy alloys, the microstructure of the as-cast Mg-Dy alloys and the corresponding 
corrosion morphology after 1 day immersion in CCM were investigated (Fig. 39). 
Most of the surface of the Mg-5Dy alloy is covered by very thick corrosion layer (dark 
colour) except for the few areas of Dy segregation (bright colour). With the increase 
of Dy, the areas covered by thick corrosion layer are reduced due to the increase of 
segregation areas of Dy. For example, only around half of the area is covered by the 
thick corrosion layer for Mg-20Dy alloy.  
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Fig. 38: Typical macro corrosion morphology of the as-cast Mg-Dy alloys after 14 days immersion in 
CCM under cell culture conditions (after removal of corrosion products): (a) Mg-5Dy alloy; (b) Mg-10Dy 
alloy; (c) Mg-15Dy alloy; (d) Mg-20Dy alloy.  
 
The observations made from optical microstructure were further confirmed with SEM 
microstructural investigations (Fig. 40). The corroded surface is composed of dark 
and bright contrast regions. The dark regions correspond to the regions with bright 
contrast under optical microscopy. According to EDX analysis, the O content in the 
dark areas (as indicated by arrow A) is about 0.8 at.%, indicating marginal corrosion 
occurs in these areas. In the bright areas (as indicated by arrow B), about 16.79 at.% 
O was detected, indicating some corrosion has occurred in the bright areas and a 
corrosion film has formed. In addition, there are a large number of cracks formed in 
the corrosion layer during drying. Based on these results, it can be confirmed that the 
segregation of Dy leads to inhomogeneous corrosion of Mg-Dy alloys. 
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Fig. 39: Original microstructure of the as-cast Mg-Dy alloys (left) and their corresponding corrosion 
morphology (right) after 1 day immersion in CCM under cell culture conditions. 
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Fig. 40: SEM (secondary electron) morphology of corrosion layers for the as-cast Mg-Dy alloys after 1 
day immersion:  (a) Mg-5Dy alloy; (b) Mg-10Dy alloy; (c) Mg-15Dy alloy; (d) Mg-20Dy alloy. 
 
The typical macro corrosion morphology of the T4 heat treated Mg-Dy alloys 
following 14 days immersion in CCM after removal of corrosion products are shown 
in Fig 39. Uniform corrosion occurs on the surface of Mg-5Dy and Mg-10Dy alloys. 
Unlike Mg-5Dy and Mg-10Dy alloys, the localized corrosion occurs on the surface of 
Mg-15Dy and Mg-20Dy alloys. Although the localized corrosion occurs on the alloys 
containing 15-20 wt% Dy, the corrosion resistance was improved with the increased 
Dy. The cross sectional structure of the corrosion layer after 3 days immersion is 
shown in Fig. 42. Increase in the Dy content reduces the thickness of the corrosion 
layer as indicated in Table 15. The thickness of corrosion layer decreases from ~14.6 
µm to 9.4 µm as the Dy content increases from 5 to 10 wt.%, and falls below 2 µm for 
the Mg-20Dy alloy in regions away from the pitting corrosion (Fig. 42 (d)).  
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Fig. 41: Typical corrosion morphology of T4 heat treated Mg-Dy alloys after 14 days immersion in 
CCM under cell culture conditions (After the removal of corrosion products).  
 
  
  
Fig. 42: Cross sectional morphology of T4 heat treated Mg-Dy alloys after 3 days immersion in CCM 
under cell culture conditions: (a) Mg-5Dy; (b) Mg-10Dy; (c) Mg-15Dy; (d) Mg-20Dy 
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Table 15: Thickness of corrosion layer after 3 days immersion in CCM under cell culture conditions 
Alloys Mg-5Dy Mg-10Dy Mg-15Dy Mg-20Dy 
Layer thickness (µm) 14.6±4.8 9.4±3.3 4.4±1.9 3.1±2.1 
 
 
Fig. 43: Corrosion morphology of T4 heat treated Mg-Dy alloys after 3 days immersion in CCM under 
cell culture conditions: (a) Mg-5Dy; (b) Mg-10Dy; (c) Mg-15Dy; (d) Mg-20Dy 
 
Fig. 43 shows the morphology of corrosion layer of T4 heat treated Mg-Dy alloys after 
3 days immersion in CCM. The Mg-5Dy and Mg-10Dy alloys contained a very 
uniform corrosion layer while in the Mg-15Dy and Mg-20Dy alloys the corrosion layer 
is not uniform and the thickness of the corrosion layer varies. The Mg-20Dy alloy 
contained pitting corrosion (marked with arrow F) in addition to the uniform corrosion 
(Fig. 43 (d)). The composition of the corrosion layer analyzed by EDX is listed in 
Table 16. All alloys show Dy enrichment in the corrosion layer. The Dy content 
increased in the corrosion layer with the increase in Dy content of the alloys from 5 to 
15 wt. % (point (A, B, C)). Following this trend the Dy content of the corrosion layer is 
expected to be higher for the Mg-20Dy alloy. However, due to the relatively thinner 
corrosion layer on Mg-20Dy alloy, some of the EDX signal comes from the substrate. 
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As a result, large amount of Mg is detected at point D and E 51.1 and 78.3 at.%, 
respectively, and correspondingly the detected Dy content is not as high as expected. 
In the areas subjected to pitting corrosion, a higher amount of C, P and Ca is 
detected, revealing the formation and accumulation of corrosion products (point F). 
 
Table 16: Composition of corrosion layer analyzed by EDX for points shown in Fig. 43 (at.%). 
 C O Mg P Ca Dy 
Point A 3.77 43.37 25.71 10.89 8.81 7.45 
Point B 3.75 32.04 24.91 8.18 10.36 17.67 
Point C 3.70 27.25 20.49 9.25 6.89 32.40 
Point D 2.89 19.16 51.10 3.57 3.74 19.54 
Point E 0 14.53 78.31 2.53 1.16 3.47 
Point F 14.51 40.11 11.34 11.52 15.22 5.17 
 
5.1.5.3 Corrosion layer characterization   
Based on the above investigation, T4 heat treated Mg-10Dy alloy has the best 
combination of mechanical and corrosion properties. Therefore, this alloy was 
selected to conduct further investigations on the bio-corrosion layer formed in CCM. 
 
The corrosion morphology of Mg-10Dy alloy after immersion for different time periods 
is shown in Fig. 44. Large number of cracks has formed on the surface of all samples 
due to dehydration during drying. After 1 day immersion, the surface of the sample is 
fully covered by a corrosion layer. Some pitting corrosion occurs at the places 
covered by locally piled corrosion products as indicated by arrows in (Fig. 44 (a)). 
The pitting corrosion is inhibited by the corrosion layer and does not develop into the 
regions of localized corrosion with further immersion (Fig. 44 (b)). After 11 days 
immersion, the morphology of the corrosion layer remains very uniform (Fig. 44 (c)).  
 
Fig. 45 shows the thickness of the corrosion layer on the surface of T4 heat treated 
Mg-10Dy alloy as a function of immersion time. The thickness of corrosion layer 
increases with increasing immersion time and two different stages were observed. In 
stage I (up to immersion for 11 days), the growth rate of corrosion layer thickness 
reduces gradually with increase in immersion time. Then, in stage II (immersion for 
more than 11 days), the growth rate of corrosion layer thickness increases rapidly 
and remains unchanged and the corrosion layer thickness reaches ~ 75 µm after 
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immersion for 28 days.  
 
  
 
Fig. 44: Typical corrosion morphology of Mg-10Dy alloy after immersion for different time in CCM 
under cell culture conditions.  
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Fig. 45: Thickness of the corrosion layer on the T4 heat treated Mg-10Dy alloy as a function of 
immersion time in CCM under cell culture conditions. 
 
68  5 Results 
0 2 4 6 8 10 12 14 16 18 20
0
2
4
6
8
10
12
14
16
A
t.
%
Immersion time, d
 P
 Ca
 C
(a)
 
0 2 4 6 8 10 12 14 16 18 20
0
10
20
30
40
50
60
70
80
90(b)
A
t.
%
Immersion time, d
 Mg
 Dy
 O
 
Fig. 46: Distribution of main elements in the surface of corrosion layer analyzed by EDX. 
 
The distribution of the main elements in the surface of the corrosion layer is shown in 
Fig. 46. After immersion for 1 day, majority of the signal collected by EDX is from the 
Mg substrate as the corrosion layer is very thin (about 2 µm as shown in Fig. 45). As 
a result, the composition of the corrosion layer analyzed by EDX contains large 
amount of Mg (around 60 at.%) and only a small amounts of other elements such as 
P and Ca. When the immersion time is between 3 and 11 days, the contents of all the 
main elements (Mg, Dy, O, C, P and Ca) remain at the same level on the surface of 
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corrosion layer although the thickness of corrosion layer increases. The Dy is 
enriched (around 12 at.%) at the surface of the corrosion layer, which is ~ 7 times 
higher than that contained in the alloy (1.6 at.%). When the immersion time exceeds 
14 days, the contents of P, Ca and Dy reduce while the contents of C and O 
increased in the corrosion layer.   
 
Both the surface and cross-section morphology of the corrosion layer are shown in 
Fig. 47.  In order to analyze the corrosion layer in detail focused ion beam (FIB) was 
used to cut the corrosion layer. Platinum was deposited on to the surface of corrosion 
layer to prevent damage to the corrosion product from FIB (Fig. 47 (a)). On the top of 
the cross-section of the corrosion layer, the deposited platinum is clearly visible (Fig. 
47 (b)). The thickness of the corrosion layer is ~ 7.5 µm, which is consistent with the 
results shown in Fig. 45. Some cavities are observed at the interface between the 
corrosion layer and substrate (Fig. 47 (c). These cavities are likely to have formed 
during the dehydration. During drying, the volume of the corrosion layer reduces, but 
the substrate remains unchanged. Therefore, this mismatch at the interface is likely 
to cause the cavities.  
 
 
Fig. 47: SEM pictures showing the surface and cross-section morphology of corrosion layer after 
immersion for 3 days: (a) cutting position on the surface; (b) cross-section, low magnification; (c) 
cross-section, high magnification. 
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Fig. 48: Distribution of elements in the corrosion layer (EDX mapping). 
 
The EDX map showing the distribution of elements in the corrosion layer is shown in 
Fig. 48. N and C distribute mainly on the surface of corrosion layer. On the Pt 
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deposition area, it seems N and C content is higher, which could be due to the 
interference of Pt information rather than a fact. The amount of P and Ca at the 
surface of corrosion layer is higher than that near the interface. Very high intensity of 
P is detected in the Pt deposition area due to the overlap of the EDS binding energy 
of P and Pt. Mg distributes homogeneously in the corrosion layer. Dy is found in the 
whole corrosion layer. The intensity of Dy in the corrosion layer is much higher than 
that in the Mg substrate. In order to further understand the distribution of elements in 
the corrosion layer, EDX line scanning was conducted (Fig. 49). The line scanning 
starts from A and ends at B for the corrosion layer as indicated in Fig. 49 (a). The line 
segment before A is the platinum layer deposited on the samples and the segment 
after B is Mg-10Dy alloy substrate. The C and N contents are very high on the 
surface of corrosion layer and reduce dramatically inside the corrosion layer. The O 
content distributes homogeneously inside the corrosion layer, but it increases at the 
interface between the corrosion layer and Mg matrix. This indicates that some 
oxygen driven corrosion process could happen. Mg is distributed homogeneously in 
the corrosion layer while Dy is enriched in the corrosion layer compared with the 
magnesium matrix. Both P and Ca content reduce gradually from the surface of 
corrosion layer to the interface between Mg and corrosion layer.  
 
 
Fig. 49: Distribution of elements in the corrosion layer analyzed by EDX line scanning.  
 
In Fig. 50 and Fig. 51, the XPS results are presented in the form of elemental depth 
profiles. The XPS results were recorded for sputtering times of 0-5000 s and after 
5000 s sputtering the XPS peaks detected changes both in intensity and types, 
suggesting that the alloy substrate is reached. The peak detected after 5000 s 
sputtering at the binding energy for the Ca (2p) is from the Mg (auger KLL) due to the 
magnesium alloy rather than from Ca. Peaks of C and N were identified on the 
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surface of corrosion layer and these decrease significantly after sputtering for 1000 s 
and no C and N peaks were detected. Both Dy and Mg peaks show similar intensities 
through the corrosion layer. The nature of Dy peak changes after 5000 s sputtering 
as the alloy substrate is reached. The peak intensities of the P and Ca reduce from 
the surface of corrosion layer to the interface between corrosion layer and the Mg 
alloy. The XPS results are consistent with that obtained through EDX line scanning 
and mapping. The O peak changes its shape depending on the sputtering time (Fig. 
51). This is due to overlapping of three different peaks containing O. These peaks 
can be fitted to belong to O2-, OH- and PO4
3-. 
 
 
Fig. 50: Distribution of  C, N, Dy, Mg, P, and Ca in the corrosion layer analyzed by XPS. 
5 Results  73 
 
Fig. 51:  Distribution of O element in the corrosion layer analyzed by XPS.  
 
Both of Mg and Dy are present in the Mg-10Dy alloy, as a result it is very difficult to 
identify the chemical state of Dy in the corrosion products. To investigate the 
chemical state of Dy in the corrosion layer, the XPS analysis was carried out on the 
surface of pure Dy metal after immersion in the CCM for 1 day (Fig. 52). The O 1s 
peak is split into two clear broad peaks (b). At lower binding energy, peak position of 
the O 1s peak is identified at BE=528.8 eV, corresponding to Dy-O bonding of Dy2O3. 
At higher binding energy, the peak position of the O 1s peak is observed at BE=531.3 
eV, corresponding to Dy-OH binding of Dy(OH)3. Therefore, the Dy-containing 
corrosion products on pure Dy are a mixture of Dy2O3 and Dy(OH)3.  
 
Fig. 52: XPS result of pure Dy metal immersed in CCM for 1 day (after 100 s sputtering).  
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Fig. 53: XRD patterns of corrosion layer after immersion for: (a) 14 days and (b) 28 days.  
 
Fig. 53 shows the XRD patterns of the corrosion layer after immersion for 14 days 
and 28 days. After immersion for 14 days, only pure Mg is identified in the XRD 
profile indicating a very thin corrosion layer which is penetrated by the X-ray (Fig. 53 
(a)). As a result, most of the collected signals are from the Mg matrix. Following 
immersion for 28 days only few small peaks due to Mg was found, and main peaks 
were identified as MgCO3 · 3H2O (Fig. 53 (b)).  
5.1.6 Cytotoxicity evaluation  
  
Fig. 54: (a) Morphology of bare corrosion layer; (b) Morphology of osteoblasts on corrosion layer   
 
To illustrate the cell morphology on the corrosion layer, the morphology of corrosion 
layer without and with cells are shown in Fig. 54. For the bare corrosion layer, only 
some cracks are observed (Fig. 54 (a)). For the corrosion layer with cells on it, the 
irregular shape adhesions (as indicated by arrows) are osteoblasts.  
10 µm 10 µm 
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Fig. 55: Osteoblast morphology on the specimens after culture for 3 days and 7 days: (a, b) pure Mg 
after 3 days culture; (c, d) Mg-10Dy after 3 days culture; (e, f) pure Mg after 7 days culture; (g, h) Mg-
10Dy after 7 days culture. Prior to cells seeding, specimens were pre-incubated in CCM for 2 h.  
 
Fig. 55 shows the osteoblast morphology on the Mg-10Dy alloy after culture for 3 and 
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7 days. The purpose of this preliminary cytotoxicity study is to analyze the effect of 
Dy enrichment in the corrosion layer on the cell viability. Pure Mg was selected as a 
reference. After exposure for 3 days, a large number of cells were found on the 
surfaces of both pure Mg and Mg-10Dy (Fig. 55 (a, c)). The cells were well-spread 
and adhered to the surface on both pure Mg and Mg-10Dy (Fig. 55 (b, d)).  After 
exposure for 7 days, no negative effect of Dy enrichment on cells was observed.  
 
  
  
Fig. 56: Live (green) and dead (red) cells on pure Mg (a, b) and Mg-10Dy alloy (c, d) after culture for 3 
days. Prior to the cells seeding, specimens were pre-incubated in CCM for 3 days. Images for live and 
dead cells were taken from the same position. 
 
To further examine the cytotoxicity of the Dy-enriched corrosion layer on the cell 
viability, the corrosion layer was examined for live and dead cells by staining. The 
compositions of the corrosion layer is at stable state after immersion for 3 days in 
CCM thus the specimens were pre-incubated in CCM for 3 days prior to cell seeding. 
Fig. 56 and Fig. 57 show the live and dead cells on pure Mg and Mg-10Dy alloy after 
exposure for 3 and 7 days. Live and dead cells were stained green and red, 
respectively. A large number of live cells and only a few dead cells are observed on 
both the pure Mg and Mg-10Dy alloy after 3 days (Fig. 56). After 7 days, the number 
of dead cells remained very few in comparison with the number of live cells (Fig. 57). 
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Fig. 58 shows the quantification of cell viability on the pure Mg and Mg-10Dy alloy. 
After 3 days exposure, the viability is ~ 89% for cells on pure Mg and at higher value 
of 92% on Mg-10Dy alloy. After 7 days, the cell viability reaches to ~ 93% on both 
pure Mg and Mg-10Dy alloy. No cytotoxicity was observed for Mg-10Dy alloy where 
the corrosion layer was enriched with Dy.  
 
  
  
Fig. 57: Live (green) and dead (red) cells on pure Mg (a, b) and Mg-10Dy alloy (c, d) after culture for 7 
days. Prior to the test, specimens were pre-incubated in CCM for 3 days. Images for live and dead 
cells were taken from the same location. 
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Fig. 58: Quantification of cell viability on pure Mg and Mg-10Dy alloys.  
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5.2 Mg-Dy-Gd-Zr alloys  
Based on the above investigation on mechanical and corrosion properties of binary 
Mg-Dy alloys, the Mg-10Dy alloy is the best candidate for further study as a potential 
alloy for medical implants. However, the mechanical properties, such as yield 
strength and ductility of the Mg-10Dy alloy are not sufficient for medical applications. 
The Mg-10Dy alloy has very little age hardening response at 200°C, and the yield 
strength cannot be tailored through age hardening. It is necessary to further improve 
the yield strength and ductility of the Mg-10Dy alloy by alloying with additional 
elements but without the deterioration of corrosion resistance.  Therefore, Mg-
10wt.%RE-0.2Zr (RE=Dy+Gd) alloys were designed as Gd has better age hardening 
response at 200-250 oC compared with Dy. A small amount of Zr was added to these 
new alloys as a grain refiner to homogenize microstructure.  
5.2.1 Chemical composition 
Table 12 lists the actual compositions of Mg-Dy-Gd-Zr alloys. The loss of alloying 
elements Dy and Gd is ~ 10-20 wt.% for Gd and Dy. It is much higher for Zr with ~ 85 
wt.% of the alloy additions lost during melting and casting. In comparison to the 
nominal compositions, the actual compositions of these alloys show a consistent loss 
in alloying additions.  
 
Table 17: Actual chemical composition of experimental alloys (wt.%). 
Alloys Code Dy Gd Zr Fe Ni Cu Mg 
Mg-10Dy-0.2Zr D10k 8.74  -- 0.033 0.002 <0.004 0.004 Balance 
Mg-8Dy-2Gd-0.2Zr  DG82K 7.08 1.57 0.037 0.002 <0.004 0.004 Balance 
Mg-5Dy-5Gd-0.2Zr  DG55K 4.28 4.09 0.026 0.001 <0.004 0.004 Balance 
Mg-2Dy-8Gd-0.2Zr DG28K 1.60 7.24 0.030 0.003 <0.004 0.006 Balance 
 
5.2.2 Microstructure characterizations  
5.2.2.1 As cast microstructures 
The macro structure of alloys horizontal and vertical to the casting direction is shown 
in Fig. 59 and Fig. 60, respectively. The macrostructure is very homogeneous in both 
the horizontal and vertical direction for all alloys, due to the grain refinement of Zr. 
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Fig. 59: Macro structure of the as-cast alloys in horizontal direction: (a) D10K; (b) DG82K; (c) DG55K; 
(d) DG28K. The unit of the scale is “cm”. The samples were cut from the middle part of the ingots. 
 
Fig. 61 presents the optical microstructure of the as-cast alloys. An equi-axed grain 
structure was observed using optical microscopy, and the grain distribution is 
homogeneous. All the alloys have the similar grain size ~60 µm as shown in Fig. 62.  
 
 
(a) (b) 
(d) (c) 
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Fig. 60. Macro structure of the as-cast alloys in vertical direction: (a) D10K; (b) DG82K; (c) DG55K; (d) 
DG28K. The unit of the scale is “cm”. The samples were cut from the top part of the ingots. 
 
 
Fig. 61: Optical microstructure of the as-cast alloys: (a) D10K; (b) DG82K; (c) DG55K; (d) DG28K. 
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Fig. 62: Grain size of alloys in as-cast and T4 conditions 
 
Fig. 63 shows the SEM microstructure of alloys in the as-cast condition. The SEM 
microstructure of all alloys consists of Mg matrix, segregation area with a high 
concentration of alloying elements and second phase particles as indicated by arrows, 
Fig. 63. A large amount of segregation was observed in all alloys located at the 
interdendritic region and the grain boundaries. The second phase is mainly 
distributed inside the segregation area. For D10K and DG82K alloys, only small 
number of fine scale second phase particles was observed (Fig. 63 (a), (b)). As the 
Gd content increases, both the amount and size of second phase particles increase 
(Fig. 63 (c), (d)).  In DG28K alloy, the size of the second phase particles reaches to 
~15 µm in length (Fig. 63 (e)). 
 
The distribution of alloying elements in Mg matrix, segregation area and second 
phases was analyzed by EDX, Table 18. In the Mg matrix, with the increase in Gd 
content the concentration of dissolved Dy decreases. As an example, the DG82K 
alloy has 3.27 wt.% Dy and 0.68 wt.% Gd in the Mg matrix, while the DG28K alloy 
has 1.03 wt.% Dy and 2.36 wt.% Gd in its Mg matrix.  
 
Very high percentage of alloying elements was detected in the segregated regions. 
Similar to the trend of alloying elements in the matrix, the total amount of alloying 
elements (Dy + Gd) in the segregated area also reduces with the increase in Gd. As 
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an example, the Dy content is 19.6 wt.% in the segregation area of D10K alloy. The 
total Dy and Gd content is reduced to around 15.5 wt.% in the segregation area of 
DG28K.  
 
  
  
 
Fig. 63: SEM microstructure of the as-cast alloys: (a) D10K; (b) DG82K; (c) DG55K; (d) DG28K; (e) 
second phase in DG28K. 
 
Due to the small size of second phases in D10K and DG82K alloys, EDX analysis on 
composition of these particles cannot be determined with any accuracy. Thus, only 
the composition of second phase particles in DG55K and DG28K are available (Table 
18). Both Dy and Gd were found in the second phase particles, with the Gd amount 
much higher than Dy in the particles. As an example, there is approximately twice the 
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Gd content (32.5 wt.%) compared to the Dy content (14.6 wt.%) in the second phase 
particles of DG55K alloy, despite similar Gd and Dy content in the alloy. In the second 
phase particles in the DG28K alloy, the Dy content is only 6.7 wt.% while Gd content 
is ~44.1wt%. The total amount of RE (Dy + Gd) in the second phase particles is 
similar for all alloys and is ~ 50 wt.% (14at.%).  
 
Table 18: Distribution of alloying element in as-cast alloys (wt.%), analyzed by EDX.  
alloys Dy 
(matrix) 
Gd 
(matrix) 
Dy 
(segregation) 
Gd 
(segregation) 
Dy 
(phase) 
Gd 
(phase) 
D10K 4.08±0.26 -- 19.6±0.73 -- -- -- 
DG82K 3.27±0.11 0.68±0.08 14.8±1.61 4.1±0.64 -- -- 
DG55K 2.24±0.38 1.52±0.23 8.77±0.57 8.16±0.85 14.6±0.81 32.5±1.8 
DG28K 1.03±0.06 2.36±0.14 3.3±0.17 12.2±0.34 6.74±0.25 44.1±1.82 
 
5.2.2.2 Microstructures after T4 treatment 
The optical microstructures show that the grains are still equiaxed and their 
distribution remains to be homogeneous after T4 heat treatment (Fig. 64). The grains 
did not coarsen during heat treatment and maintained a grain size of ~ 60 µm (Fig. 
62). The SEM microstructures show that the segregation is completely eliminated for 
all alloys, and most of the second phase particles were dissolved into the matrix 
following T4 heat treatments (Fig. 65). Only very few second phase particles 
remained in the DG55K and DG28K alloys (Fig. 65 (c, d)).  
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Fig. 64; Optical microstructure of alloys after T4 treatment: (a) D10K; (b) DG82K; (c) DG55K; (d) 
DG28K. 
 
  
  
Fig. 65: SEM microstructure of alloys after T4 treatment: (a) D10K; (b) DG82K; (c) DG55K; (d) DG28K. 
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5.2.2.3 Microstructures after T6 treatment 
The age hardening response of Mg-Dy-Gd alloy at 200 °C is shown in Fig. 66. D10K 
alloy show no age hardening at 200 oC. With increasing Gd content, age hardening is 
observed. DG82K and DG55K alloys reach the peak hardness after 216 h. DG28K 
alloy reached the peak hardness after only 72 h. A plateau following the maximum 
hardness was observed from 210 h to 384 h and from 72 to 120 h for DG55K and 
DG28K alloys, respectively. Further aging leads to a slow decrease in the hardness.  
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Fig. 66: Hardness of Mg-Dy-Gd alloys after ageing at 200 °C for different time. 
 
Fig. 67 and Fig. 68 present transmission electron micrographs recorded from DG28K 
alloy aged at 200°C for 72 h. Large number of precipitates with plate-like morphology 
with a size of 20-50 nm in length and 10-25 nm in diameter were observed when the 
electron beam was parallel to   0110 α, (Fig. 67 (a, b)) The additional reflections on 
the selected area diffraction pattern (Fig. 67 (b)) can be indexed according to 
metastable phase β’  (Mg13RE3, base-centred orthorhombic structure (a = 0.64 nm, b 
= 2.22 nm, c = 0.52 nm)) [108]. The precipitates look to be spherical in morphology 
when the electron beam is approximately parallel to  3121 α, and they distributed 
uniformly in the matrix (Fig. 68 (a), (b)). XRD analysis also revealed β′ phase forms in 
DG28K alloy after ageing at 200°C for 216 h (Fig. 69).  
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Fig. 67: TEM pictures and selected area diffraction pattern of DG28K alloy aged at 200°C for 72 h: (a) 
low magnification (b) high magnification and corresponding diffraction pattern along the zone axis 
 0110 α. 
 
 
  
Fig. 68: TEM pictures and selected area diffraction pattern of DG28K alloy aged at 200°C for 72 h: (a) 
low magnification (b) high magnification and corresponding diffraction pattern along the zone axis 
 3121 α. 
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Fig. 69: XRD pattern of DG28K alloy aged at 200°C for 216 h. 
 
5.2.3 Mechanical properties  
5.2.3.1 Hardness  
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Fig. 70: Vickers hardness of alloys in different conditions. 
 
Fig. 70 shows the Vickers hardness of alloys after processing under different 
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conditions. In the as-cast alloys, the Vickers hardness is around 50 for D10K alloy 
and it increases with the increase in Gd content, reaching to around 60 for DG28K 
alloy. After T4 heat treatment, the Vickers hardness decreases marginally for all 
alloys. After the T6 heat treatment, the Vickers hardness increases for all alloys and 
the improvement is higher for the alloys with a higher Gd content. For example, it 
increased from 48 to 54 for D10K alloy, and from 60 to 100 for DG28K alloy.   
 
5.2.3.2 Tensile properties  
Fig. 71 (a) shows the TYS of alloys following different processing conditions. In the 
as-cast alloys, the TYS increased slightly with the increase in Gd content, TYS 
increases from 103MPa to 120 MPa when Gd content increased from 0 (D10K) to 
8wt.% (DG28K). After the T4 treatment, the TYS does not show any significant 
change for all alloys similar to the hardness values. After T6 treatment, the TYS 
remains unchanged for D10K and DG82K alloys, while TYS increases significantly 
for DG55K and DG28K alloys. It is increased from 120 MPa to 220 MPa for DG28K 
alloy while the increase is from 120 MPa to 190 MPa for the DG55K alloy. 
 
Fig. 71 (b) shows the UTS of alloys processed under different conditions. In the as-
cast alloys, the UTS increases slightly with the increase in Gd content, from 188 MPa 
to 220 MPa when Gd content is increased from 0 (D10K) to 8wt.% (DG28K). T4 heat 
treatment has little effect on the UTS. After the T6 treatment, UTS increases 
marginally for D10K and DG82K alloys, while the increment is significant for the for 
DG55K and DG28K alloys. It increases from 200 MPa to 360 MPa for DG28K alloy 
and 200 MPa to 300 MPa for the DG55K alloy following the T6 treatment. 
 
Fig. 71 c shows the tensile elongation of alloys after different processing stages. In 
the as-cast alloys, the tensile elongation reduces gradually with the increase in Gd 
content, from 21% to 17.6% when Gd content is increased from 0 (D10K) to 8wt.% 
(DG28K). After the T4 treatment, the tensile elongation increases marginally for all 
alloys. After T6 treatment the elongation decreases slightly for D10K and DG82K 
alloys, while it decreases obviously for DG55K and DG28K alloys. Elongation is 
reduced from 18.3% to 7.5% for DG28K alloy and 17.5% to 12.5% for the DG55K 
alloy. 
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Fig. 71: Tensile properties of Mg-Dy-Gd-Zr alloys in different conditions: (a) tensile yield strength; (b) 
ultimate tensile strength; (c) elongation. 
 
5.2.3.3 Compressive properties  
A similar trend to that observed for tensile properties is measured for the 
compressive properties of Mg-Dy-Gd-Zr alloys (Fig. 72). In the as-cast alloys the 
increase in Gd lead to a slight increase in both the CYS and the UCS, and a 
decrease in the compression to failure. T4 heat treatment did not change the CYS 
and compressibility (Fig. 72 (a, c)), while it reduces the UCS for all alloys investigated. 
The UCS reduced from 350 MPa to 290 MPa for DG28K alloy following the T4 heat 
treatment (Fig. 72 b). After the T6 treatment, the CYS, UTS and compression to 
failure do not change significantly for the D10K and DG82K alloys (Fig. 72 c). The 
CYS increases for DG5K and DG28K alloys while a large reduction in the 
compression to failure is observed (Fig. 72 (a, c)).  The UCS increases only for the 
DG82K alloy following the T6 heat treatment (Fig. 72 b). 
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Fig. 72: Compressive properties of Mg-Dy-Gd-Zr alloys in different conditions: (a) compressive yield 
strength; (b) ultimate compressive strength; (c) Compressibility (strain at maximum stress point). 
  
5.2.4 Corrosion in CCM  
Fig. 73 shows the corrosion rates of alloys after immersion in CCM for 14 days under 
cell culture conditions. The corrosion rate for the as-cast D10K and DG82K alloys are 
~0.55 mm/y, and it increases to 0.7 and 0.85 mm/y when Gd increases to 5 and 8 
wt.% in DG55K and DG28K alloys, respectively. After the T4 heat treatment, the 
corrosion rate does not change for the D10K and DG82K alloys, while the corrosion 
rate reduces to ~ 0.5mm/y for DG55K and DG28K alloys. As a result, all the alloys 
investigated have a similar corrosion rate following T4 heat treatment. Aging 
treatment at 200oC (T6) shows no adverse influence on the corrosion rate but 
reduces the average corrosion rate.    
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Fig. 73: Corrosion rate of alloys after immersion in CCM for 14 days under cell culture conditions. 
 
The macro corrosion morphology of alloys after 14 days immersion in CCM after the 
removal of corrosion products is shown in Fig. 74. In the as-cast alloys, localized 
corrosion occurs on the surface of all alloys as indicated by arrows. In the T4 and T6 
treated alloys, no localized corrosion is observed and the corrosion is very uniform.  
 
Fig. 75 shows the corrosion morphology and EDX analysis of corrosion film for T4 
heat treated alloys following 14 days immersion in CCM. The corrosion film is uniform 
despite the large number of cracks observed due to dehydration associated with 
SEM investigations. There is Dy and Gd enrichment in the corrosion film and content 
of these elements in the corrosion layer is dependent on the Dy and Gd content of 
the alloy. This is illustrated by comparing the Dy and Gd contents in DG82K and 
DG28K alloys where the content of Dy and Gd was 40.6 wt.% and 10.2 wt.% in the 
corrosion layer of DG82K alloy, respectively and 12.4 wt.% and 45.0 wt.%, 
respectively for the corrosion layer of DG28K alloy.   
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Fig. 74: Macro corrosion morphology of alloys after 14 days immersion in CCM under cell culture 
conditions (after removal of corrosion products).   
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Fig. 75: Corrosion morphology of alloys (T4) after immersion for 14 days in CCM: (a) D10K; (b) 
DG82K; (c) DG55K; (d) DG28K; (e) EDS analysis of corrosion layer on (b); (f) EDS analysis of 
corrosion layer on (d). 
 
DG28K showed the largest age hardening response at 200oC and was selected to 
investigate the effect of T6 heat treatment on bio-corrosion morphology. Fig. 76 
shows the corrosion morphology and composition of the corroded surface of DG28K 
alloy with T6 treatment after immersed in CCM for 14 days. The corrosion layer is 
very uniform and the enrichment of Dy and Gd is observed in the corrosion layer. The 
content of enriched Dy and Gd in the corrosion layer is similar to those in T4 
condition. T6 treatment shows no effect on the corrosion layer of DGK alloys in the 
CCM.  
 
Fig. 76: Corrosion morphology and composition (analyzed by EDX) of the corroded surface of DG28K 
alloy with T6 treatment after immersion for 14 days in CCM 
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5.2.5 Cytotoxicity evaluation 
Fig. 77 and Fig. 78 show the live and dead cells on surfaces of pure Mg and DG55K 
alloy after exposure to osteoblast cultures for 3 and 7 days, respectively. After 
exposure for 3 days, a large number of live cells were found on both the pure Mg and 
DG55K alloy (Fig. 77 (a, c)). These cells were well-spread and adhered to the 
corrosion layer. Very few dead cells are observed after 3 days (Fig. 77 (b, d)). After 7 
days, the live cells are spread even further and the numbers of dead cells are very 
few in comparison with the number of live cells (Fig. 78).The quantification of cell 
viability on the pure Mg and DG55K alloy is presented in Fig. 79. After 3 days, the cell 
viability is ~ 89% on pure Mg and ~92% on DG55K alloy. After 7 days, the cell 
viability remains above 90% for both pure Mg and DG55K alloy. The enrichment of 
RE (Dy and Gd) in the corrosion layer shows no adverse effect on the adhered cells.  
 
  
  
Fig. 77: Live (green) and dead (red) cells on pure Mg (a, b) and DG55K alloy (c, d) after culture for 3 
days. Prior to the test, specimens were pre-incubated in CCM for 3 days. Images for live and dead 
cells were taken from the same position. 
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Fig. 78: Live (green) and dead (red) cells on pure Mg (a, b) and DG55K alloy (c, d) after culture for 7 
days. Prior to the test, specimens were pre-incubated in CCM for 3 days. Images for live and dead 
cells were taken from the same position. 
 
 
Pure Mg DG55K
0
20
40
60
80
100
120
P
e
rc
e
n
t 
V
ia
b
le
, 
%
 3 d
 7 d
 
Fig. 79: Quantification of cell viability on pure Mg and DG55K alloy.  
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6 Discussion  
6.1 Mg-Dy alloys 
6.1.1 Microstructure and age hardening behaviour  
Due to the high cooling rate associated with direct chill casting, the solidification 
process proceeds under a non-equilibrium condition. After solidification, the 
distribution of Dy is not homogeneous. A large amount of Dy distributes in the Mg 
matrix and in regions of Dy segregation, and only a small amount of Mg-Dy phases 
form in all alloys. According to the Mg-Dy binary phase diagram [111] (Fig. 9), only 
Mg24Dy5 can form close to the magnesium rich end of the phase diagram. The 
Mg24Dy5 phase is also confirmed as the only phase found in the alloys investigated 
by the SEM-EDX, XRD and TEM investigations.  
 
T4 heat treatment was performed at 520 °C for 24 h to homogenise the Dy 
distribution and to dissolve any second phase particles. The diffusion of Dy occurs 
from the regions near grain boundaries to the centre of the grains during the heat 
treatment. At 520°C, the second phase particles of Mg24Dy5 are unstable in the 
investigated alloys and dissolve during the solution treatment.  The time to dissolution 
is dependent on the size and the distribution of particles. Based on the Mg-Dy binary 
phase diagram, the solubility of Dy in α-Mg matrix reaches to 22 wt.% at 520 °C 
suggesting  complete dissolution of Dy into α-Mg matrix. However, there are few 
particles of Mg24Dy5 phase left in the α-Mg matrix in Mg-15Dy and Mg-20Dy alloys 
following T4 heat treatment. This is due to the slower diffusion rate of Dy in solid Mg 
[119]. 
 
To optimize the ageing temperature, ageing behaviour at 200 °C and 250 °C were 
investigated. At 200°C, the solid solubility of Dy is about 10 wt.% (Fig. 9). A significant 
age hardening response was observed for Mg-20Dy alloy when aged at 200°C. After 
ageing at 200oC for 168 h, a large number density of fine precipitates distributes 
uniformly within Mg-matrix. For Mg-10Dy and Mg-15Dy alloys with a relative low 
content of Dy, the increase in the Vickers hardness is still limited after ageing due to 
the high solid solubility of Dy in Mg at lower temperatures. At 250°C, the solubility of 
Dy in magnesium is 14 wt.% (Fig. 9). Thus, age hardening behaviour was expected 
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for Mg-20Dy alloy. However, Mg-20Dy alloy only showed marginal increase in the 
Vickers hardness as a function of ageing time. The previously published Mg-Dy 
phase diagram may not therefore explain the observed experimental phenomena 
completely and clearly as it is still not complete and contains lines of uncertainty (Fig. 
9). The less noticeable age hardening behaviour of Mg-20Dy alloys at 250 °C may 
hint that the solubility of Dy in the α-Mg matrix could be higher than 14 wt.% at 
250 °C. The driving force for the precipitation is low and there are only few 
precipitates forming during ageing.  
 
In Mg-RE alloys such as Mg-Y or Mg-Gd based alloys, due to the lower diffusivity of 
RE in Mg at ageing temperatures, metastable phases precipitate prior to formation of 
equilibrium phases during ageing. The precipitation sequence is normally given as 
follows [120, 121]: 
SSSS (supersaturated solid solution)-β′′- β′ - β1 - β  
In this work, after ageing at 200 °C for 168 h, β′ precipitates are identified by both 
XRD and TEM. The β′ precipitates were also observed in Mg-Gd [115], Mg-Dy-Nd 
[112], Mg-Gd-Y [116] and Mg-Y-Nd [118] systems. At 250°C, the metastable β′′ 
phases are observed when aged for short times (less than 1 h) [120, 121]. Upon 
further ageing β′′ precipitates transforms into to β′ particles [120, 121] and then β′ 
phase transform to β1 phase after several hours of ageing at 250 °C [120, 121]. The 
formation of β equilibrium phase takes more than 2000 h (over ageing) when aged at 
250 °C [120, 121]. Since the ageing time at 250°C is short in the present investigation, 
it is not expected that equilibrium β phase forms during the time investigated. Based 
on the morphology and size of the precipitates in Fig. 25 (c, d), it is deduced that the 
precipitates in Mg-20Dy alloy with T6-2 treatment are also mainly β′ phases.  
 
Based on the binary Mg-Dy phase diagram (Fig. 9), the solubility of Dy in the Mg 
matrix reduces with the decrease in temperature. Less Dy is kept in the matrix and 
more Dy is consumed to form β′ phase in alloys when aged at 200 °C in comparison 
with 250 °C. The growth rate of the β′ precipitate at 200 °C is slower than at 250 oC 
and there is time for the nucleation of higher density of precipitates at 200 °C. 
Therefore, the precipitates in the T6-1 condition are denser and smaller than those in 
the T6-2 condition as illustrated in Fig. 25. 
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6.1.2 Mechanical properties 
In the as-cast alloys, with the increase in Dy, the amount of Dy in both the α-matrix 
and the segregated areas increases. Since the amount of second phases in these 
four Mg-Dy alloys is very small, the particle strengthening is negligible. The atomic 
diameter of elemental Dy (178 pm) is 11% larger than that of Mg (160 pm). The large 
difference in the atomic radius results in lattice distortion, and consequently the alloy 
is strengthened due to the solid solution strengthening. The Dy in the α-Mg matrix 
and segregation area deteriorates the ductility. Although the slight improvement in 
elongation is found when Dy increases from 5 wt.% to 10 wt.%, this is mainly 
attributed to grain refinement. The further addition of Dy only results in the increase 
of intermetallic phases and Dy amount in Mg matrix as well as segregation area, but 
little grain refinement was observed. The elongation decreases dramatically when Dy 
increases from 10 wt.% to 15 wt.%. The 10 wt.% Dy is the critical point for the 
change of elongation as a function of the content of Dy in the as cast Mg-Dy alloys. 
The investigation on Mg-Gd alloys indicates that the critical point for the change of 
elongation in Mg-Gd alloys is at about 5 wt.% [34].  
 
After the T4 heat treatment, the loss of strength is mainly attributed to the grain 
coarsening. For the Mg-5Dy, Mg-10Dy and Mg-15Dy alloys, the grain size increased. 
As a result, the yield strength reduces. However, the Mg-20Dy alloy does not show 
any changes in grain size after T4 treatment and its yield strength is unchanged.  
 
During the T6 treatment the supersaturated α-Mg solid solution decomposes to 
precipitate β′ phase (Fig. 25) which provide a barrier to dislocation movement.  Dy 
then strengthens through both solid solution and precipitate strengthening. The 
precipitates in T6-1 condition are denser and smaller than those in T6-2 condition, 
and also contain a larger number density as shown in Fig. 25. A high density of 
intrinsically strong, plate-shaped precipitates with prismatic habit planes and large 
aspect ratios could contribute to significant strengthening [122]. This is demonstrated 
by the significant increment in hardness and the YS following T6-1 treatment 
compared with the marginal improvement after T6-2 treatment.  
6.1.3 Corrosion rate and morphology 
There is no information on the electrochemical potential of Mg–Dy intermetallics. 
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Typically most Mg intermetallic causes galvanic corrosion, leading to the acceleration 
of corrosion [26]. The electrochemical potential of Dy is -2.35 V, similar to that of Mg 
(-2.37 V). This indicates that elemental Dy would not cause micro-galvanic corrosion 
of the α-Mg matrix while Dy is in solid solution with α-Mg matrix. Additionally RE 
elements are able to improve the protective nature of the surface film by the 
formation of RE(OH)3 and / or RE2O3 [123, 124]. As a consequence, there are two 
important influences of Dy on the corrosion of Mg–Dy alloys. Firstly, precipitation of 
the Dy-containing intermetallic can lead to micro-galvanic corrosion and accelerate 
the corrosion rate. Secondly, Dy, in the oxidized state, can incorporate in the surface 
film, increase its protectiveness and thereby decrease the corrosion rate.  
 
6.1.3.1 NaCl solution 
As NaCl solution is different from human body fluid, the use of NaCl solution as 
corrosion medium is to have a primary understanding of the corrosion behaviour of 
Mg-Dy alloys. Furthermore, it is to compare the corrosion behaviour in NaCl solution 
and CCM. If the corrosion behaviour is similar, the simple NaCl solution can be used 
as a primary evaluation method on Mg alloys for medical applications.  
 
Based on the corrosion morphology as shown in Fig. 31 and Fig. 34, it can be 
concluded that the different contents of Dy and its state could result in the different 
corrosion mechanisms, namely filiform and/or pitting corrosion. 
 
Pitting corrosion is very common in Mg alloys, which is generally caused by galvanic 
corrosion between Mg matrix and second phase particles [26]. In AZ91 a large 
amount of Mg17Al12 phases forming with a continuous network structure act as a 
corrosion barrier to retard the corrosion. However, a small amount of Mg17Al12 phases 
act as a cathode and form galvanic couples with the Mg matrix, accelerating the 
corrosion rate [26, 125]. For the Mg-Dy alloys, the quantity of the second phase 
particles is too low to form a continuous network structure and pitting corrosion starts 
from the interfacial regions (at the side of Mg matrix) between Mg24Dy5 phase and Mg. 
With the increase in Dy content, more second phase particles form in the as-cast 
alloys. As a result, more pitting corrosion occurs during corrosion process. After T4 
treatment, only few precipitates remain in the Mg-Dy alloys with less than 15 wt.% Dy. 
Therefore, the pitting corrosion is reduced. However, for the Mg-20Dy alloy, the 
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pitting corrosion still occurs as precipitates still remains. 
 
Filiform corrosion was observed in several investigations for Mg alloys in NaCl 
solutions [126-129]. The detailed mechanism of filiform corrosion is not well 
understood. For Mg-Dy binary alloys, the filiform corrosion is affected by the content 
of Dy. The increase in Dy content decreases the filiform corrosion (Fig. 31).  After T4 
treatment, the content of Dy in Mg matrix increases and the distribution of Dy become 
more homogenous. Consequently the filiform corrosion is reduced (Fig. 34). In 
addition, Dy oxidizes and incorporates into the corrosion films and this Dy-containing 
corrosion film can improve the corrosion resistance [123, 124]. The dissolution of 
alloying elements influences the occurrence of filiform corrosion was reported for Mg-
Zn-Y alloy [128]. In the as-solidified Mg-Zn-Y alloys, increase in the cooling rate 
delays filiform corrosion. This is attributed to the grain refinement and formation of a 
supersaturated single Mg solid solution [128].  
 
The T4 heat treatment is an effective approach to improve the corrosion resistance of 
binary Mg-Dy alloys. The reduction in the amount of second phase particles results in 
improving the corrosion resistance after T4 treatment. Additionally the influence from 
the redistribution of Dy in Mg matrix cannot be neglected.  Before the T4 treatment 
the distribution of Dy is inhomogeneous. The distribution of Dy near the dendritic 
boundaries and the inside of the grain can cause difference in chemical potential 
between these regions deteriorating the corrosion resistance. After T4 treatment, the 
distribution of Dy becomes homogeneous, and then the corrosion resistance is 
enhanced. 
 
Generally, the precipitates formed during the aging treatment increase the corrosion 
rate of Mg-RE alloys in NaCl solution due to the increase of galvanic corrosion [109, 
110, 130]. In this work, large amount of precipitates forms through the Mg matrix in 
T6-1 condition for Mg-20Dy (Fig. 30). Consequently, the corrosion rate of Mg-20Dy 
(T6-1) increases significantly. In contrast, only a small amount of precipitates is 
formed in T6-2 condition for Mg-20Dy alloy and the corrosion rate increases slightly 
after T6-2 treatment, in comparison with T4 condition (Fig. 30).  
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6.1.3.2 CCM 
The composition of CCM is very close to that of human body fluid. The cell culture 
condition used in the tests is also very similar to human body environment. Therefore, 
the in vitro corrosion behaviour of Mg-Dy alloys in CCM under cell culture conditions 
is considered to be close to that in vivo.  
 
There are two different roles of Dy in influencing corrosion behaviour of Mg-Dy alloys. 
Similar to that in NaCl solution, in CCM the galvanic corrosion between the Mg-Dy 
second phases and the Mg matrix plays an important role in influencing the corrosion 
morphology and rate. In the as-cast condition, uniform corrosion occurs on Mg-5Dy 
alloy as little second phase is present. Localized corrosion occurs on all the other 
alloys due to the galvanic corrosion set up between the second phase and the Mg 
matrix (Fig. 38). The localized corrosion is increasingly severe with the increase of Dy 
in alloys, due to the increase in the amount of the second phases. As a result, the 
corrosion rate is increased with the increase in Dy for Mg-10Dy, Mg-15Dy and Mg-
20Dy alloys.  
 
After the T4 treatment, the remaining second phase particles in Mg-20Dy alloy still 
results in a high corrosion rate (Fig. 41, Fig. 37). However, for the other alloys, Dy is 
dissolved into the matrix and there is little galvanic corrosion and Dy is incorporated 
into the corrosion layer, which improves the corrosion resistance of Mg-Dy alloys. 
Moreover, the amount of Dy in the corrosion layer increases with Dy increase in 
alloys. Consequently, the corrosion rate reduces with the increase in Dy when Dy 
amount is less than 15wt.%, despite of the occurrence of the slight localized 
corrosion on Mg-15Dy alloy.   
 
In T6 condition, although the formation of nano-scale precipitates in Mg-Dy alloys 
increases the tendency of galvanic corrosion and increases the corrosion rate in 0.9 
wt.% NaCl solution, it does not have an adverse influence on the corrosion rate in 
CCM (Fig. 37). Zhang et al. [131] investigated the influence of ageing treatment on 
the corrosion rate of extruded Mg-Nd-Zn-Zr alloy in SBF solution. The results also 
show that ageing treatment does not increase the corrosion rate and even reduces it 
slightly. 
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6.1.3.3 Comparison of corrosion in NaCl solution and CCM 
Table 19 summarizes the corrosion rate of the Mg-Dy alloys in the NaCl solution and 
the CCM. For the as-cast alloys in the NaCl solution, the Mg-5Dy alloy shows the 
highest corrosion rate (7.44 mm/y). However, in the CCM solution, the corrosion rate 
of Mg-5Dy (F) alloy (0.94 mm/y) is much lower than that in NaCl solution. And the 
highest corrosion rate (around 2.13) is observed for the Mg-20Dy alloy not the Mg-
5Dy alloy. For the T4 treated alloys in the NaCl solution, the corrosion rate is similar 
for Mg-5Dy, Mg-10Dy and Mg-15Dy. However, in the CCM solution, the corrosion rate 
is reduced from 1.08 to 0.41 mm/y when Dy increases from 5 to 10 wt.%. After T6-1 
treatment, the corrosion behaviour between two solutions are very dissimilar, 
especially in Mg-20Dy alloy where a large amount of β′ precipitates were observed.  
After T6-1 treatment, the corrosion rate of the Mg-20Dy alloy increased significantly 
from 3.12 to 21.52 mm/y in the NaCl solution, while it remains the same in CCM. The 
tendency of galvanic corrosion between these nano-scale precipitates and Mg matrix 
is not sensitive in CCM. This could be mainly attributed to the formation of a more 
protective film in the CCM.  
 
Table 19: Comparison of the corrosion rate of Mg-Dy alloys in NaCl solution and CCM (mm/y).  
alloy Electrolyte F T4 T6-1 T6-2 
Mg-5Dy 
0.9 wt.% NaCl 7.44±0.19 0.96±0.13  -- 
CCM 0.94±0.29 1.08±0.09  -- 
Mg-10Dy 
0.9 wt.% NaCl 3.10±1.39 1.33±0.34 1.59±0.14 0.97±0.18 
CCM 0.79±0.08 0.55±0.12 0.44±0.05 0.74±0.09 
Mg-15Dy 
0.9 wt.% NaCl 4.15±0.48 1.36±0.51 4.03±0.53 1.02±0.11 
CCM 1.09±0.39 0.41±0.07 0.35±0.08 0.46±0.06 
Mg-20Dy 
0.9 wt.% NaCl 4.12±0.45 3.12±0.75 21.52±6.7 4.15±0.05 
CCM 2.13±1.10 2.36±1.31 2.70±1.44 3.22±0.27 
 
Fig. 80 shows the microstructures of corrosion layer of Mg-20Dy alloy (T6-1 condition) 
in the 0.9 wt.% NaCl solution and the CCM. In NaCl solution the corrosion film on 
Mg-20Dy alloy is non-uniform (Fig. 80 (a)) and has a porous structure (Fig. 80 (b)). 
The EDX analysis indicates that the layer contains 43.85 wt.% O, 54.48 wt.% Mg and 
1.67 wt.% Dy, which is mainly consisted of a mixture of MgO and Mg(OH)2 [26]. This 
film can be easily penetrated by Cl- ions and is not effective [26]. Consequently, the 
galvanic corrosion occurs under the corrosion film. In the CCM, a uniform corrosion 
layer forms on the surface of samples, the cracks observed forms due to dehydration 
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during drying (Fig. 80 (c)). Even at a high magnification, the corrosion layer appeared 
to be dense and not porous. The EDX analysis reveals that this dense corrosion film 
contains P, Ca, O and Dy (Fig. 80 (c)). The Dy content is very high, which could be 
existing as a mixture of Dy(OH)3 and Dy2O3.   
 
   
  
Fig. 80: Microstructure and composition of corrosion layer of Mg-20Dy alloy in T6-1 condition: (a) low 
magnification, after immersion in 0.9 wt.% NaCl solution for 1 day; (b) high magnification, after 
immersion in 0.9 wt.% NaCl solution for 1 day; (c) low magnification, after immersion in CCM for 7 
days; (d) high magnification, after immersion in CCM for  7 days. The table shown in the pictures is the 
EDX composition analysis of the corrosion layer. 
 
In the CCM, this film is more protective than that formed in the NaCl solution, and it 
hinders the penetration of Cl- ions. Organic materials such as proteins would adsorb 
on the surface of the corrosion layer, which significantly reduce the penetration of Cl- 
[41, 132]. The corrosion rate in Hank’s solution was weakly influenced by the 
microstructures of high purity Mg and alloys with second phase particles such as 
AZ91, ZE41, Mg2Zn0.2Mn alloys [133]. The corrosion rates of Pure Mg and Mg 
alloys in 3% NaCl solution are significantly different, caused by the different micro-
galvanic corrosion set ups due to number of phases present [133]. It is concluded 
that nano-scale precipitates form during ageing has no negative effect on the bio-
corrosion rate of the Mg-Dy alloys.  
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The corrosion rates of the Mg-Dy alloys in the NaCl solution and CCM show that 
there is no link between corrosion in only Cl- environment and bio corrosion 
environment. Moreover, It was reported that the corrosion rate of Mg alloys in NaCl 
solution is different from that of in vivo corrosion [2]. Thus, corrosion behaviour in a 
NaCl solution should not be used to predict the corrosion rate of Mg alloys in 
biological environments. Based on this work, the trend between corrosion in NaCl 
and in biological corrosion do not show any parallels.  
 
The choice of corrosion environment is crucial for the experimental results. 
Physiological corrosion is still an obstacle and lacking a systematic approach 
requiring a multidisciplinary investigation. As a first approach, the application of CCM 
under cell culture conditions seems to be appropriate towards a more predictive in 
vitro environment.  
6.1.4 Bio-Corrosion layer  
During the in vivo degradation of Mg alloys, the corrosion layer forms an interface 
between Mg alloy and body fluids as well as body tissues. It plays a very important 
role in determining both the corrosion behaviour and the biocompatibility of Mg alloys. 
On one hand, the corrosion layer can act as a protective layer to reduce the 
degradation rate of Mg alloys, depending mainly on its composition and 
microstructure. On the other hand, the surface of corrosion layer is in direct contact 
with tissues, cells, body fluid and bone, thus the biocompatibility is determined also 
by the morphological and compositional characteristics of the corrosion. 
 
In Cl− ion containing aqueous solution, the corrosion of magnesium occurs through 
following reactions [26]: 
Mg → Mg2+ + 2e−                                          Equation 5 
2H2O + 2e
− → H2 + 2OH
−                              Equation 6 
Mg2+ + 2(OH)− → Mg(OH)2                            Equation 7 
Based on the above reactions, Mg(OH)2 forms in the corrosion layer initially and then 
transforms into more soluble MgCl2 in the presence of aggressive chloride ions 
through following reaction: 
Mg(OH)2 + 2Cl
− → MgCl2  + 2OH
−                           Equation 8 
During the corrosion of Mg alloys large amount of Mg(OH)2 transforms into Mg ions 
and is released into the electrolyte, and only a part of Mg(OH)2 remains in the 
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corrosion layer.  
 
 Dy metal is quite electropositive, and has a similar standard potential (-2.35 V) to Mg 
(-2.37 V). The main corrosion product for Dy is Dy2O3 and a small amount of Dy(OH)3 
as detected by XPS (Fig. 52). The following reaction may be deduced. 
2Dy + 3H2O  → Dy2O3 + 3H2                           Equation 9 
2Dy + 6H2O  → 2 Dy(OH)3 + 3H2                    Equation 10 
Dy2O3 is insoluble in water. The solubility product constant (Ksp) for Dy(OH)3  is 1.4 × 
10-22, which is much smaller than that of Mg(OH)2 (5.61 × 10
-12 ) [134]. Based on the 
solubility above, Dy2O3 and Dy(OH)3  are more likely to remain in the corrosion layer 
than Mg(OH)2 due to the lower solubility. This results in the enrichment of Dy in the 
corrosion layer as indicated in Fig. 48 and Fig. 49. The enhancement of corrosion 
resistance in Mg alloys by addition of RE has been observed previously [135, 136]. 
The main reason for this is that RE converts into stable RE oxide and/or RE 
hydroxide layer during the corrosion. The RE-containing layer plays better role than 
Mg(OH)2 layer in reducing corrosion of Mg alloys [126, 135, 136]. Therefore, the 
enrichment of Dy2O3 and Dy(OH)3 in the corrosion layer could be beneficial in 
improving the corrosion resistance of the corrosion layer.  
 
Previous studies show the following reaction occurs when Mg is exposed to a 
solution containing Ca2+, H2PO4
− and HPO4
2− ions [32, 137].  
xMg2+ + yCa2+ + zPO4
3- →CaxMgy(PO4)z                    Equation 11 
At the beginning of the corrosion process, equation 11 is dynamically balanced. The 
formation and dissolution of CaxMgy(PO4)z precipitates happens at the same rate in 
the electrolyte. As the immersion time increases, the amount of released Mg2+ 
increases, which provides driving force for the formation of CaxMgy(PO4)z. For Mg-
10Dy alloy, a dense and homogeneous corrosion layer containing Dy2O3/ Dy(OH)3 
forms during corrosion. This corrosion layer could reduce permeability of Ca2+ and 
PO4
3- ions to the corrosion interface. Ca2+ and PO4
3- ions are mainly in the corrosion 
medium and corrosion surface. As a result, CaxMgy(PO4)z precipitates form mainly on 
the surface of samples where a high concentration of Mg2+  is prevalent and sufficient 
Ca2+ and PO4
3- ions are present. Higher P and Ca content were found in the surface 
of corrosion layer (Fig. 48 and Fig. 49), which agrees with the above analysis. Pitting 
corrosion causes the Mg2+ concentration to increase dramatically in the pitting region. 
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This strongly drives the equation 11 toward the formation of CaxMgy(PO4)z. Large 
amount of CaxMgy(PO4)z precipitates form and pile on the pitting corrosion areas as 
shown in Fig. 44 (a). Phosphate is effective at reducing pitting corrosion for Mg alloys 
due to the formation of phosphate layer [36]. Therefore, pitting corrosion is inhibited 
with the formation of piled corrosion products and uniform corrosion continues after 
immersion for 3 days (Fig. 44 (b)). 
 
Under cell culture conditions, carbon dioxide causes the formation of H2CO3 which 
inhibits the increase of pH value through the following reactions [38].  
H2O + CO2 → H2CO3                                     Equation 12 
Mg + H2CO3 → MgCO3 + H2                                     Equation 13 
This results in the formation of MgCO3 on the specimens. The solubility of MgCO3 
(220 mg/l) is about 19-fold higher than that of Mg(OH)2 (12 mg/l). Therefore the 
precipitation and incorporation of MgCO3 into the corrosion layer will only take place 
after the aqueous solution is saturated with MgCO3. After 1 day and 3 days 
immersion, almost all the formed MgCO3 dissolves into the electrolyte. As a result, C 
is found only at the surface of the corrosion layer (Fig. 51 and Fig. 48). With the 
increase of immersion time, more and more MgCO3 forms and the electrolyte 
becomes saturated. After 28 d immersion, MgCO3 is identified to be the main 
corrosion product (Fig. 53). Similar result is also obtained in a previous study [38], 
which reports a large amount of MgCO3 forms in the corrosion layer with a thickness 
of ~ 80 µm. 
There are 2 stages on the growth rate of the thickness of corrosion layer (Fig. 45). In 
stage I, the corrosion resistance of corrosion layer increases with the increase of 
corrosion layer thickness. Hence, then growth rate of corrosion layer reduces 
gradually. At stage II, the corrosion product MgCO3 becomes saturated in the 
electrolyte and accumulates on the sample constantly. As a result, the thickness of 
corrosion layer increases rapidly and MgCO3 is identified to be the main corrosion 
product after 28 d immersion (Fig. 53). Many studies have shown that large amount 
of C and O is observed in the corrosion layer of Mg-based implants after long term in 
vivo tests in animal bones [100, 102, 138, 139]. This could be due to the buffering 
effect of CO2 and formation of MgCO3 in the environment with limited body fluid. 
6.1.5 Biocompatibility  
The biocompatibility of the corrosion products is one of the key points for successful 
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developing alloys. An accumulation of Dy in the corrosion layer in contrast to the bulk 
material is observed (Fig. 46). This accumulation did not induce cytotoxic effects in 
vitro, which is shown by the direct cell adhesion tests. Actually, a number of works 
have already shown that Dy has a good biocompatibility. LD50 (half-lethal dose) of 
DyCl3 in mice was determined at 585 mg/kg by intraperitoneal injection [90]. Dy 
complexes are also used as contrast medium for MRI. Dy applied in vivo exhibited an 
increase in its concentration in spleen and lungs with increasing doses, while its 
concentration in kidneys and blood decreased, and hepatotoxicity was not observed 
[77]. In vitro cytotoxicity studies in BEAS-2B (human bronchial epithelial cells) and 
L929 cells indicate that Dy2O3 have no appreciable toxicity at a concentration of up to 
1000 μg/mL [140]. Feyerabend et al. [3] also showed that Dy is the best tolerated RE 
element based on in vitro study. Also in a study with primary human smooth muscle 
cells exposed to RE-chlorides, Dy was tolerated in a broad concentration range [141]. 
Furthermore, dysprosium (165) hydroxide macroaggregates are developed to utilize 
the advantages of dysprosium 165 in radiation synovectomy of certain forms of 
arthritis [142, 143]. Therefore, based on the above discussion the effect of a small 
amount of Dy in Mg alloys should be tolerable. 
 
However, there is a naturally occurring accumulation of Dy in human bones [144], 
and it was observed that dysprosium can replace calcium in hydroxyapatite [145]. 
Before applying rare-earth based alloys therefore more insight in their influence on 
bone structure and metabolism should be obtained.    
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6.2 Mg-Dy-Gd-Zr alloys  
6.2.1 Microstructure and age hardening behaviour 
Dy and Gd do not react with each other and they have similar chemical properties 
[134]. Hence, they play the similar role in the experimental alloys. Based on the Mg–
Dy and Mg-Gd binary phase diagram as shown in Fig. 9 and Fig. 10, the maximum 
solid solubility of Dy (25.3 wt.%) and Gd (23.5 wt.%) in Mg matrix is similar at eutectic 
temperature. However, their solubility decreases at different rates with the decrease 
in temperature. The solid solubility of Dy reduces gradually with the decrease in 
temperature, to about 10 wt.% at 200 °C (Fig. 9). In contrast, the solid solubility of Gd 
in Mg reduces dramatically with the decrease in temperature, to about 3wt.% at 
200 °C (Fig. 10). As a result, Gd is more inclined to form precipitates than Dy during 
solidification. This could be the reason that the amount of second phase increases 
with the increase in Gd amount in as-cast alloys, despite the total amount of alloying 
elements remain constant (Fig. 63). To confirm this, it is necessary to develop the 
ternary phase diagram of Mg-Dy-Gd system which is not available so far. 
 
EDX analysis showed that these second phases are composed of Mg, Dy and Gd. 
The content of Mg is constant (~86%) in the second phases of all alloys. The Dy and 
Gd content in the second phases depends on their content in the different alloys, but 
the total amount of RE (Dy+Gd) remains the same in the second phases of all alloys. 
The size of the second phase is not big enough to obtain an accurate result from 
EDX analysis. As a result, Mg content is higher than its true value as some of the Mg 
signals are from the α-Mg matrix and not second phase. Based on the binary Mg-Dy 
and Mg-Gd phase diagrams, the only expected phases are Mg24Dy5 and Mg5Gd for 
binary Mg-Dy and Mg-Gd alloys. Therefore, the second phases in Mg-Dy-Gd alloys 
are identified approximately as Mg5(Dy+Gd). Generally, Mg5RE phase forms in many 
Mg-RE alloys, where RE represents a mixture of the rare earth alloying elements. 
The ratio of the rare earth elements in the second phase varies in different alloys. It is 
reported that in Mg-7Gd-2Nd alloy the Nd : Gd ratio is close to 1:1 in second phases, 
suggesting a stoichiometry of Mg5(Nd0.5Gd0.5) [146]. In Mg-7Dy-2Nd alloy the Nd 
concentration is significantly higher than that of Dy, suggesting a stoichiometry near 
Mg5(Nd0.7Dy0.3) [146]. In Mg-4Y-2Nd alloy the Nd : Y ratio is close to 1:2, suggesting 
a stoichiometry near Mg5(Nd0.33Y0.67) [146]. 
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Little age hardening was observed for D10K alloy. This is due to the high solubility (~ 
10wt.%) of Dy at 200 °C in Mg matrix, causing all the Dy to remain in the α-Mg matrix 
rather than form precipitates. Gd has a lower solubility (~ 3wt.%) than Dy at 200 °C. 
Thus, it is easier for Gd to form precipitates than Dy in Mg-Dy-Gd-Zr alloys during 
ageing. With the increase in Gd content in Mg-Dy-Gd-Zr alloys, the amount of β′ 
precipitates increases and in return the age hardening behaviour becomes more 
significant. Better age hardening response is obtained with increasing addition of Gd.  
To further understand the interaction between Dy and Gd, the ternary phase diagram 
needs to be developed as mentioned before. Apps et al. [112] investigated the age 
hardening behaviour of Mg-7Dy-2Nd and Mg-7Gd-2Nd alloys, and they also found 
that Gd is more effective in strengthening than Dy. The peak Vickers hardness of 104 
Hv was achieved for the Mg-7Gd-2Nd alloy, while it only reached 86 Hv for Mg-7Dy-
2Nd alloy.  
6.2.2 Mechanical properties 
Table 20 summarizes the mechanical properties of Mg-Dy-Gd-Zr alloys. In the as-
cast alloys, grain boundary strengthening, solid solution strengthening as well as 
precipitate strengthening contributes to the total strength. Since all alloys have a 
similar grain size, grain boundary strengthening contribution is similar. With the 
increase of Gd, the amount of precipitates increases and amount of alloying elements 
decreases in the α-Mg matrix and segregation area. Therefore, the substitution of Dy 
with Gd increases the precipitates strengthening while reducing the solid 
strengthening.  
 
After T4 treatment, precipitate strengthening is negligible as only very few particles 
remain in the α-Mg matrix. The effect of grain boundary strengthening is similar in all 
alloys due to the similar grain sizes. As a result, solid solution strengthening is the 
only factor which contributes to the different values of hardness and yield strength 
observed. The total amount of alloying element in the alloys is similar, but with the 
increase in Gd the hardness and yield strength increase. This indicates Gd has a 
better solution strengthening effect than Dy. The atomistic simulation has shown that 
Gd is more effective than Dy in improving bulk modulus of Mg alloys [147]. 
Furthermore, the Vickers hardness of Mg-7Gd-2Nd alloy is 20% higher than that of 
Mg-7Dy-2Nd alloy in T4 condition [112].  
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During T6 treatment, the decomposition of the supersaturated α-Mg solid solution 
occurs and β′ precipitates form (Fig. 68). These precipitates are resistant to 
dislocation movement and contribute to precipitates strengthening. The high density 
of intrinsically strong, plate-shaped precipitates with prismatic habit planes and large 
aspect ratios contributes to significant precipitate strengthening effects [122]. 
Different degree of improvement in TYS and CYS are obtained after T6 as listed in 
Table 20, but these precipitates deteriorate the ductility of the alloys. Thus, both of 
the elongation and compressibility are reduced after T6 treatment, especially for 
DG28K alloy in which large amount of β′ precipitates are observed. 
 
Table 20: Comparison of mechanical properties in different conditions. (T6-T4) is the value change of 
mechanical properties from T4 condition T6 condition.  
condition alloy TYS UTS Elong. CYS UCS Comp. Duct. 
 
As-cast 
D10K 107±2.5 189±2.0 21.7±1.5 
96.0±0.9 321.3±8.9 20.7±1.0 
DG82K 113.3±2.0 199.0±2.1 21.5±2.8 
103.0±2.5 332.9±5.2 18.9±1.3 
DG55K 118.9±1.7 207.8±3.1 17.6±1.6 
110.2±3.3 337.6±7.9 17.9±1.4 
DG28K 123.3±1.7 218.3±4.8 16.2±3.4 
120.8±3.0 347.4±2.1 15.6±1.4 
 
T4 
D10K 104.6±1.9 187.8±1.3 24.1±1.0 
98.3±5.7 310.8±12.8 23.0±1.4 
DG82K 111.1±2.1 198.4±1.5 22.1±2.8 
109.1±3.0 305.3±10.9 18.4±0.3 
DG55K 121.8±1.1 209.2±3.1 17.6±1.8 
112.7±3.4 312.7±6.3 18.7±1.7 
DG28K 122.5±5.2 214.6±8.6 17.8±1.7 
125.8±6.3 302.9±27.2 15.7±0.9 
 
T6 
D10K 99.8±1.9 195.1±1.9 22.2±2.0 
108.1±8.1 289.9±2.5 19.1±2.1 
DG82K 111.6±2.8 211.7±2.3 21.0±0.4 
125.2±17.6 303.5±5.5 17.7±1.0 
DG55K 188.3±0.6 309.5±1.5 11.8±1.6 
189.6±7.4 357.1±4.9 9.2±1.7 
DG28K 211.6±0.7 353.9±5.4 7.8±2.1 
241.2±23.6 423.0±9.2 6.8±1.2 
 
(T6-T4) 
D10K 
-4.8 7.3 -1.9 9.8 -20.9 -3.9 
DG82K 
0.5 13.3 -1.1 16.1 -1.8 -0.7 
DG55K 
66.5 100.3 -5.8 76.9 44.4 -9.5 
DG28K 
89.1 139.3 -10 115.4 120.1 -8.9 
 
In summary, mechanical properties are tailored in a wide range by adjusting the alloy 
composition and using heat treatment, Table 20. The TYS varies between 99.8 and 
211.6 MPa, and the CYS varies between 96 and 241.2 MPa. The highest UTS is 
353.9 MPa and the highest UCS even reaches 423 MPa. The elongation to fracture 
is at a minimum value of around 7.8%, while it reaches a maximum value at 24.1%. 
Therefore, for different applications different compositions and heat treatments could 
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be adopted, depending on the mechanical properties required. For example, 
cardiovascular stents need good ductility but need not high yield strength. Thus, the 
D10K alloy, with the TYS of 104.6 MPa and elongation of 24.1% in T4 condition, may 
be used. Load bearing bone plates and screws need high yield strength but need not 
very good ductility of materials. Thus, the DG55K alloy, with the TYS of 188.3 MPa 
and elongation of 11.8% in T6 condition, may be used.   
6.2.3 Corrosion  
Based on the corrosion behaviour of Mg-Dy alloys in 0.9 wt.% NaCl and CCM 
solution, the corrosion rate and trend is different between the two solutions. As 
discussed before, CCM is more closely resembles physiological conditions and the 
corrosion behaviour in CCM and NaCl solution is completely unparallel. Therefore 
CCM was used solely for the corrosion tests.  
 
The electrochemical potential of Mg–Dy-Gd intermetallics has not been reported so 
far, even for binary Mg-Gd intermetallics. It is reported that corrosion is accelerated 
by Mg5Gd intermetallics in binary Mg-Gd alloys [34]. Moreover, in Mg-Gd-Y alloys 
Mg5(Gd+Y) intermetallics act as cathodes and form galvanic corrosion couples with 
α-Mg matrix, accelerating corrosion [109, 110]. Elements Dy, Gd and Y have similar 
electrochemical potential and chemical properties. Thus, it may be deduced that the 
“Mg5(Gd+Dy)” phase is also cathodic compared to α-Mg matrix and leads to galvanic 
corrosion.  
 
Similar to Dy the negative electrochemical potential of Gd (-2.4 V) is close to that of 
Mg (-2.37 V). This indicates that Gd would not cause micro-galvanic corrosion with 
the Mg matrix when it exists in solid solution rather than second phases. In Gd-
containing alloys, Gd transforms to Gd(OH)3 and is incorporated into corrosion layer 
during corrosion [148]. This improves the corrosion resistance and the protective 
nature of the corrosion layer. Kiryuu et al. [149] also indicated that Gd could stabilize 
the corrosion layer of Mg-10Gd-3Nd alloy.  
 
In this work, the amount of intermetallic phases increase with the increase in Gd 
content in the as-cast alloys (Fig. 63). As a result, with increased Gd content the 
corrosion rate increases slightly (Fig. 73), and pitting corrosion was increasingly 
apparent (Fig. 74). This could be attributed to the galvanic corrosion between the 
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intermetallic phases and α-Mg matrix.  
 
After T4 treatment, only very few and small precipitates remain in the α-Mg matrix 
(Fig. 65). Thus the galvanic corrosion is largely reduced, which eliminates the pitting 
and localized corrosion. No apparent pitting corrosion is observed for any alloy in the 
macro corrosion morphology (Fig. 74). The Dy and Gd amounts in the α-Mg matrix 
increase due to the dissolution of the second phases and the segregation area. The 
distribution of alloying elements becomes more homogeneous in the alloys. During 
the corrosion, Dy and Gd are oxidized to RE2O3 and / or RE(OH)3, and the 
homogeneous distribution of Dy and Gd makes it easy to form a uniform Dy/Gd-
containing layer. This improves the protective nature and the corrosion resistance of 
the corrosion layer as discussed. Both the decrease in galvanic corrosion and the 
improvement of the corrosion resistance result in the reduction of the corrosion rate 
after T4 treatment.  
 
After T6 treatment, nano-scale β′ precipitates forms. In DG28K alloy, large number 
density of β′ precipitates distribute all over the matrix. However, these β′ precipitates 
show no adverse effect on the corrosion rate in CCM.   
6.2.4 Biocompatibility  
Compared to the corrosion layer composition of the Mg-10Dy alloy, the enrichment of 
Gd was found in the corrosion layer of Mg-Dy-Gd-Zr alloys. Gd has similar chemical 
properties to Dy [134]. After corrosion, Gd transforms into Gd2O3 and Gd(OH)3 and 
accumulates in the corrosion layer. However, this corrosion layer shows no 
cytotoxicity on the human osteoblast cells (Fig. 79). Based on the previous studies, 
the acute toxicity of Gd is only moderate. The intraperitoneal LD50 dose of GdCl3 is 
550 mg/kg in mice, and GdNO3 induces acute toxicity at a concentration of 300 
mg/kg in mice and 230 mg/kg in rats, respectively [85, 150]. The cytotoxicity tests of 
GdCl3 in osteoblast like cells showed that Gd would be a suitable alloying element for 
the designation of Mg-based implant [3].  
 
Gd-based contrast agents are widely used as the contrast medium in magnetic 
resonance imaging [114, 151, 152], especially Gd2O3 nano particles [153, 154]. 
Gd(OH)3 was investigated for its possible use in imaging and tracking of cells and 
tissues [155]. No significant cytotoxic effect is observed for Gd(OH)3  in in vitro study 
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using human colon adenocarcinoma and human lung epithelial cells  [155]. However, 
Gd ions released by transmetallation induces nephrogenic systemic fibrosis in 
patients with renal failure, though not in healthy patients [156]. Gd has also been 
observed to have a certain retention rate in bone prior to redistribution to spleen and 
liver [157]. Although it is found that the Gd content in bone increases with age 
growing due to the accumulation [144], no negative effect of Gd on bone is reported 
so far. Based on above discussion, a small amount of Gd used as alloying element 
would not evoke systemic effects and can be tolerable by human body. However, the 
influence of Gd accumulation on bone structure and metabolism needs further 
investigation before its application.  
6.2.5 Effects of Zr on Mg-10Dy alloy 
Due to the good biocompatibility of Zr [71-74],  it is added as a grain refinement agent. 
The influence of Zr on the mechanical and corrosion properties will be discussed by 
comparing the properties of Mg-10Dy and Mg-10Dy-0.2Zr alloys. 
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Fig. 81: Comparison of the corrosion rate of Mg-10Dy and Mg-10Dy-0.2Zr alloy 
 
The effects of Zr on the corrosion rate of Mg-10Dy alloys are shown in Fig. 81. The 
corrosion rate of Mg-10Dy-0.2Zr alloy is around 10~30% lower than that of Mg-10Dy 
alloy in different conditions. It is reported that the addition of Zr reduces the corrosion 
rate of other Mg alloys [158, 159]. The beneficial effect of Zr on corrosion of Mg-10Dy 
alloy is likely caused by the following two mechanisms. Firstly, Zr can reduce the 
amount of Fe impurity by forming insoluble precipitates and settling down to the 
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bottom of ingots. This is reconfirmed in this work. The Fe content in Mg-10Dy-0.2Zr 
alloy (0.002 wt.%) is less than that in Mg-10Dy alloy (0.005 wt.%). In addition, grain 
refinement can also reduce the corrosion rate of Mg alloys slightly [160, 161]. 
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Fig. 82: Comparison of mechanical properties of Mg-10Dy and Mg10Dy-0.2Zr alloy  
 
The comparison of mechanical properties between Mg-10Dy and Mg-10Dy-0.2Zr 
alloys is shown in Fig. 82. In all the conditions, the TYS and CYS of Mg-10Dy-0.2Zr 
alloy are about 20-50% higher than those of Mg-10Dy alloy. The elongation increases 
apparently from around 5% to around 22% and the compressibility also improves 
slightly. The enhancement of mechanical properties is attributed to the grain 
refinement effects of Zr. With the addition of Zr, the grain size of Mg-10Dy alloy 
reduces from 610 to 60 µm, contributing to the increase of yield strength according to 
Hall-Petch law [162]. When grain size is larger than 10 μm, grain refinement 
improves ductility by increasing basal slip systems and twins [163].  
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7 Summary 
Based on the good biocompatibility of Dy and Gd elements and promising Mg-Dy and 
Mg-Gd phase diagrams, Mg-Dy alloys and 10(Dy+Gd)-0.2Zr alloys were designed 
and investigated in this work. The microstructure, mechanical and corrosion 
properties of these alloys can be tailored by adjusting the alloy composition and using 
heat treatment. In binary Mg-Dy alloys, the Mg-10Dy alloy shows the best corrosion 
properties (low corrosion rate and uniform corrosion morphology). Considering both 
the mechanical and the corrosion properties, the Dy amount is optimized at 10 wt.%. 
The mechanical and corrosion properties for the Mg-10Dy alloy are further enhanced 
by combining Dy with Gd and adding Zr as grain refinement agent. Finally, novel Mg-
10(Dy+Gd)-0.2Zr alloys with flexible mechanical properties, low corrosion rate and 
acceptable cytocompatibility are developed. The influence of Dy and Gd on the 
microstructure, mechanical properties, corrosion behaviour and cytotoxicity is 
summarized as following.  
 
 Microstructure  
In the as-cast condition, the microstructure consists of α-Mg matrix, 
segregation area of alloying elements and second phases (Mg24Dy5 in Mg-Dy 
alloys and approximately Mg5RE in Mg-10(Dy+Gd)-0.2Zr alloys). After T4 
treatment, alloying elements segregation is eliminated completely, and very 
few second phases are left. β′ (Mg13RE3) precipitates are the main phase at 
peak aged condition at 200 °C and they distribute homogeneously in the 
matrix.  
 
 Mechanical properties 
Mechanical properties are tailored in a wide range by adjusting the alloy 
composition and by heat treatment. The TYS varies between 99.8 and 211.6 
MPa, and the CYS varies between 96-241.2 MPa. The highest UTS is 353.9 
MPa and the highest UCS reaches 423 MPa. The elongation to fraction is at a 
minimum value of around 7.8%, while it reaches a maximum value at 24.1%.  
 
 Corrosion properties 
The second phases in Mg-Dy and Mg-10(Dy+Gd)-0.2Zr alloys cause galvanic 
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corrosion between these phases and α-Mg matrix. This leads to severe pitting 
and localized corrosion. T4 treatment improves the corrosion resistance of 
alloys due to the elimination of second phases as well as the homogenization 
of microstructure. Nano-scale precipitates formed during ageing treatment 
have no negative effects on bio-corrosion rate in CCM. 
 
 Composition of bio-corrosion layer 
In the bio-corrosion layer, the elemental distribution varies from the surface of 
corrosion layer to the corrosion interface between matrix and corrosion layer. 
Enrichment of Dy and Gd was observed in the corrosion layer. Much more Ca 
and P elements distribute in the surface of corrosion layer than those inside 
the corrosion layer. C and N (protein) are also mainly observed on the surface 
of corrosion layer.    
 
 Cytotoxicity 
The accumulation of Dy and Gd in the corrosion layer does not induce 
cytotoxic effects on human osteoblasts which show high viability and good 
adhesion behaviour after 3 and 7 days culture on tested alloys.  
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8 Outlook 
 Extrusion processing is an effective way in adjusting mechanical and corrosion 
properties of Mg alloys. Hence, it is necessary to investigate the different 
extrusion parameters and following heat treatment process on the mechanical 
and corrosion behaviour of the developed alloys. 
 
 For different medical applications, more comprehensive in vitro 
cytocompatibility tests are recommended such as tests with different cell types 
and further gene expression experiments. Moreover, the in vitro stress 
corrosion behaviour should also be investigated.  
 
 The results of in vivo study are always the most reliable one before the tests in 
human body. Future work should include the in vivo study of the degradation 
behaviour of the developed alloys in small and big animals. 
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Table 21: Detailed composition of DMEM. 
 Component mg/L 
 
 
 
Inorganic 
salts 
Calcium Chloride (CaCl2 · 2H2O) 264 
Ferric Nitrate (Fe(NO3)3 · 9H2O)  0.1 
Magnesium Sulfate (MgSO4 · 7H2O) 200 
Potassium Chloride (KCl)  400 
Sodium Bicarbonate (NaHCO3) 3700 
Sodium Chloride (NaCl) 6400 
Sodium Phosphate monobasic(NaH2PO4 · 2H2O) 141 
 
 
 
 
vitamins 
Choline chloride   4 
Thiamine hydrochloride 4 
Riboflavin  0.4  
Pyridoxine hydrochloride 4 
Niacinamide  4  
i-Inositol 7.2  
Folic acid 4 
D-Calcium pantothenate 4 
 
 
 
 
 
 
 
Amino 
acids 
Glycine  30 
L-Alanyl-L-glutamine  862 
L-Arginine hydrochloride  84 
L-Cystine 2HCl  63 
L-Histidine hydrochloride-H2O  42 
L-Isoleucine  105 
L-Leucine  105 
L-Lysine hydrochloride  146 
L-Methionine  30 
L-Phenylalanine  66 
L-Serine  42 
L-Threonine  95 
L-Tryptophan  16 
L-Tyrosine  72 
L-Valine  94 
Other 
components 
D-Glucose (Dextrose) 4500 
Phenol Red 15 
Sodium Pyruvate 110 
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Fig. 83: Optical microstructure of as-cast Mg-Dy alloys at low magnification: (a) Mg-5Dy; (b) Mg-10Dy; 
(c) Mg-15Dy; (d) Mg-20Dy.  
10 Appendix 129 
 
 
 
 
Fig. 84: Macro corrosion morphology of as-cast Mg-Dy alloys after immersion in CCM under cell 
culture conditions for 3 days and 14 days.  
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Fig. 85: Corrosion morphology of as-cast Mg-Dy alloys after immersion in CCM under cell culture 
conditions for 14 days and removal of corrosion products. 
 
 
 
 
 
Fig. 86: Corrosion morphology of solution heat treated Mg-Dy alloys after immersion in CCM under cell 
culture conditions for 14 days and removal of corrosion products. 
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Fig. 87: Macrostructure of Mg-Dy-Gd alloys without the addition of Zr (horizontal direction). 
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Fig. 88: Macrostructure of Mg-Dy-Gd alloys without the addition of Zr (vertical direction). 
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